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Abstract 
Carbon nanotube fibre is one of the most promising new materials due to the 
excellent combination of macroscopic properties (mechanical, electrical and 
thermal) and its particular hierarchical structure. Individual CNT is defined as a 
basic structural block, thus, CNT fibre combines the properties of a solid 
monolithic material but coexists with mesoporous structure, providing a high 
surface area (260m2/g). Kilometres of continuous macroscopic fibre of control 
number of layers are synthesised, tailored by the addition of sulphur as a catalyst 
promoter during chemical vapour deposition (CVD) in the direct spinning process. 
Further chirality distribution is obtained in SWCNT sample, showing the 
predominance of arm-chair and metallic behaviour. Distribution of chirality angles 
matches with the theoretical predictions for CNTs produced by a molten catalyst. 
Polymer fibre spinning principles are inspired the highly oriented CNT fibre by 
reducing the entanglements in gas phase through CNT dilution. Increasing the 
friction during its furnace extraction until ratios over 17 times, compare to the 
carrier gas. The resulting fibre obtains mechanical properties similar to 
commercial fibre as Kevlar. Specific strength and Young´s modulus are in overall 
1.1 GPa and 60GPa, respectively, tuning the strain from 23% to 8% with 
toughness over 80J/g. Moreover, electrical conductivity reached until 3.5 x 105 
S/m. Internal porous structures and the building block interactions are analysed 
in detail by BET, BJH and XRD techniques, illustrating the links presented at 
different scales. Finally, it is studied whether different critical parameters of the 
synthesis are reproducible scaling-up the process, permitting the development of 
macroscopic devices for different applications. 
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Resumen 
Debido a la combinación de propiedades macroscópicas (mecánicas, eléctricas 
y térmicas) y su estructura jerarquizada, la fibra de nanotubos de carbono es uno 
de los materiales más prometedores. Los nanotubos de carbono actúan como 
bloques básicos en la fibra, de este modo, la fibra puede combinar las 
propiedades de un sólido monolítico, junto con la de una estructura mesoporosa, 
alcanzando una elevada área superficial (260m2/g). Mediante el método de 
hilado directo es posible la producción de kilómetros de fibra macroscópica 
continua, controlando el número de capas añadiendo azufre, que actúa como 
promotor del catalizador en la reacción de deposición química en fase vapor 
(CVD). Se ha determinado también la distribución de quiralidades en fibra de 
CNTs de una sola capa, siendo arm-chair la predominante, proporcionando a la 
fibra de un comportamiento metálico. Esta distribución de quiralidades encaja 
con las predicciones teóricas para tubos sintetizados por un catalizador en 
estado fundido. Se ha utilizado el conocimiento ya existente de las fibras 
poliméricas para conseguir la síntesis de fibras orientadas, reduciendo el número 
de entrecruzamientos mediante la dilución de la muestra en el aerogel. En estas 
condiciones de reacción es posible extraer la fibra hasta 17 veces más rápido 
que la velocidad del gas en el interior del reactor, incrementando la fricción que 
permite la orientación. Las propiedades mecánicas obtenidas son similares a las 
de fibras comerciales como el Kevlar, obteniendo valores de fuerza específica y 
módulo de 1.1 GPa y 60 GPa, respectivamente, pudiendo modificar la elongación 
entre el 23% y el 8%, con tenacidades del orden de 80J/g. Además, se logró 
obtener una conductividad de 3.5 x 105 S/m. A través de técnicas como el BET, 
BJH y XRD es posible conocer las conexiones que existen en el interior de la 
fibra a diferentes escalas. Finalmente, parámetros críticos de la reacción han 
sido escalados, facilitando su aplicación en la industria, permitiendo el desarrollo 
de dispositivos macroscópicos para diferentes aplicaciones. 
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1 Introduction 
During this work, we are going to be immersed in the exciting world of the carbon 
nanotube materials. Particularly, which are synthesized by direct spinning 
method from chemical vapour deposition (CVD) reactor. Multifunctional 
nanocomposite group, enrolled in IMDEA Materials institute, is focused in the 
synthesis of carbon nanotubes (CNT) in macroscopic architectures for real 
applications. This promising method has critical questions that it has to be 
answered for obtaining the real potential, including: how can we control the CNT 
type? In terms of number of layers, chirality; how can we control the alignment of 
the CNT bundles? Which leads to the next question: is it possible to tune the 
macroscopic properties of the fibre? And finally, how scalable is the production 
process from lab-scale to the industrial factory? Along the chapters, this 
dissertation offers the opportunity to advance in this specific subjects along the 
chapters. 
Literature review is presented in chapter 2, focusing on the synthesis of CNT by 
CVD reactor and the particular parameters related to the direct spinning method 
as well as the properties and application obtained. 
CVD reactor and the experimental techniques are shown in chapter 3. 
Understanding the chemistry of the reaction is the first step for controlling the 
synthesis of macroscopic. It is evaluated the importance of the main elements as 
sulphur, iron and carbon, as well as its interaction. Role of sulphur is described 
in detail, being responsible for controlling the type of tubes in terms of number of 
layers. Controlling type of CNTs permits us to produce SWCNT fibre for studying 
the distribution of CNT chiralities, showing the predominance of armchair-
metallic. Sulphur is associated directly to the metal catalyst, studying its structure 
and composition, defining the position in the isothermal section of C-Fe-S ternary 
diagram and the role of interfacial energies. Finally, the presence of impurities in 
the fibre has been reported, emphasising in the iron catalyst particles stick or 
trapped into the fibre, carbonaceous impurities and silicon-based compounds. 
Synthesis information is presented in chapter 4. 
Introduction 
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In chapter 5, it is presented a method to spin highly oriented continuous fibre of 
adjustable CNT type, with mechanical properties in the high-performance range 
by lowering the concentration of nanotubes in the gas phase, up to 55m/min. 
Applying these principles then, high-performance fibre are produced under dilute 
conditions and high draw ratios, obtaining mechanical properties in the range of 
60 GPa/SG and 1.1GPa/SG in tensile modulus and strength.  
Chapter 6 presents the CNT fibres as nanostructure building blocks, forming a 
hierarchical structure. CNT fibre combines the properties of a solid monolithic 
material, such as high strength and stiffness, but coexists with a large porosity, 
similar to that of an activated carbon. Hierarchical structure covers different 
scales, therefore, the fibre is characterised by BET, BJH and XRD (WAXS and 
SAXS), confirming by SEM and TEM. Particular emphasis has been placed on 
orientation and densification imparted during assembly. Finally, optical properties 
from CNT films are discussed. 
Direct spinning from CVD reaction is one of the most promising process for a 
large-scale production of CNT materials. It is possible to produce a large amount 
of materials and in different architectures. Along chapter 7, there are evaluated 
different industrial issues as; controlling the nanostructure and the microstructure 
of the fibre at different precursor feed rates, its environmental impact through the 
LCA analysis and the applications performed in the multifunctional 
nanocomposites group ( energy storage devices, sensor, composites, etc.…). 
Final conclusions and the future work are presented in chapter 8.  
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2 Literature review 
2.1. Carbon nanotubes 
2.1.1. Structure 
CNTs can be visualised as graphene sheets rolled up forming a hollow tube with 
cylindrical structure. CNT were first related to fullerenes by Iijima in 1991[1].  In 
CNTs, carbon atoms are strongly bonded by sp2 hybridisation (σ-bonds), 
establishing a hexagonal lattice with 120º angle. In term of number of layers, CNT 
are mainly classified in two categories: single[2] [3] and multi-wall[1] (SWCNT 
and MWCNT, respectively). The different layers are separated by ≈ 0.344nm[4], 
related to the distance between turbostratic graphitic planes and more precise by 
according to the empirical equation; d002 = 0.344 +0.1.e(-D/2) [5]. Where D is the 
local diameter. 
The diameters of CNTs are in the range from 0.7 to tens of nanometres. It is worth 
mentioning that the low ratio between number of layer/ diameter promoted the 
self-collapse of CNTs[6]. E.g. SWCNTs are collapsed over 5nm [7]. It is also 
observing that the SWCNT with diameter over 10nm can self-fold and remain 
stable with this addition layer[8], same architecture is described bending a single 
graphene layer[9].  
 
Figure 2.1. TEM images and ED patterns of a (a) round compare to a (b) collapse CNT[7].  
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SWCNT chirality is an important characteristic for electrical properties. The 
molecular structure is directly related to their (n,m) indices. All armchair SWCNTs 
have a metallic behaviour whereas zig-zag SWCNTs have to fulfil the condition 
(2n + m) / 3 = integer. The ratio between semiconductor and metallic is 2:1 in zig-
zag SWCNTs. In view of the different electronic properties of SWCNTs, 
depending on their chiral angle, there has been a continuous effort for many years 
to grow SWCNTs of specific chiralities. Relating the properties of MWCNT to 
those of SWCNT is difficult since the electrical properties depend not only on the 
chiral angle of the various layers but also their separation[26], but for ~ > 5 layers, 
they are metallic. 
The electrical conductivity of SWCNTs have been estimated theoretically to be 
108 S/m[27] [28], similar results were reported experimentally[29], while for 
individual MWCNTs, the value obtained was 106 S/m[28]. For an ideal graphene 
sheets, the conductivity has been estimated theoretically as 108 S/m [30]. 
MWCNT could be potentially limited by the electron transfer between layers, 
same effect could be detected in macroscopic architectures, between the CNT 
crystals or links.  
CNT properties are summarised in the table 2.1. The results are compared to 
related materials as graphene or graphite and references as high-performance 
commercial fibre, copper or steel. 
Table 2.1. Properties of the CNT, compared to relate and references materials. 
Material 
Strength 
(GPa/SG) 
Stiffness Modulus 
(GPa/SG) 
Electrical cond. 
  (106 S/m) 
Thermal cond. 
(W/mK) 
SWCNT bundle 52[18] 1000[18] 100[29] 120[31] - 5800[32] 
MWCNT 63[22]-100[21] 1000[21] 1[33] 700 [34]– 3000 [35] 
Graphene 130[24] 1000[24] 100[30] 5000[36] 
S2 Glassa 4.9 87 - - 
Aramidb 3 112 - - 
Steel 371 0.4[37] 210[37] - - 
Copper - - 58[38] - 
Graphite (parallel) - - - 3000 - 4000[39] 
Graphite (perpend.) - - - 100[39] 
a Hex Tow®AS4    b Kevlar®49(K49) 
Chapter 2 
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2.1.3. Synthesis of CNTs by Chemical Vapour Deposition (CVD) 
Owing to its higher degree of control and its scalability, CVD is now the 
predominant method for growth of CNTs. CVD involves the decomposition of 
gaseous or volatile carbon compounds in the presence of catalyst nanoparticles 
to form CNTs[40]. Furthermore, it is economically attractive and under special 
synthesis parameters can be used to produce macroscopic CNT-architectures 
with large quantity of CNTs. For these reasons, there has been wide research on 
the growth of CNTs by CVD. In order to improve the quality or the amount of CNT, 
there have been several modifications of this process including oxygen[41], 
plasma[42], vapour[43] or radio-frequency[44]. Figure 2.4 shows a typical CVD 
set-up. 
 
Figure 2.4. (a) Set-up for CNT production by CVD[40]. 
2.1.3.1. Carbon source 
A wide range of carbon sources has been to grow CNTs, including hydrocarbons, 
aliphatic carbons or aromatic compounds. The main differences between the 
different sources to produce CNTs are the thermodynamic decomposition route.  
Figure 2.5.a reports the standard Gibbs energy of formation for different possible 
carbon sources at different temperatures. Thermodynamic stability is a critical 
parameters to analyse the decomposition route of the carbon precursors. For 
example, methane requires temperature over 700ºC to be less stable than 
graphite. The decomposition products are mainly carbon and hydrogen[45]. The 
presence of secondary elements in the carbon sources are mainly hydrogen and 
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for FCC Fe. However, the solubility in nanoparticles is not well established, 
finding a dramatic increases in solubility in nanometre particles[54].  
One of the most controversial aspect in the synthesis of CNTs is to understand 
the carbon diffusion in the catalyst. The diffusion mechanism during the CNT 
growth is divided in mainly two theories; surface and bulk diffusion.  
Carbon bulk diffusion depends on the crystal phase, increasing in more open 
structure. E.g. FCC iron diffuse more the carbon compare to BCC. The bulk 
diffusion of carbon atoms (interstitial diffusion) is much faster than metal diffusion 
(substitutional diffusion)[55]. Moreover, melting point is inversely related to 
diffusion (higher melting point, lower the diffusion). 
Surface diffusion has the activation barriers lower than bulk diffusion[48], 
predicting its predominance in diffusion through the catalyst. Experimentally, it 
was found the important dependence between the surface diffusion and the 
catalyst size[56]. Although, the diffusion through the surface is not already very 
well-known. In future work, it will be important to describe in detail to control the 
synthesis of CNTs. 
Due to the wide range of temperature from 450ºC to 1250ºC, the physical state 
of the catalyst is critical. Thus, it can modify catalyst solubility or diffusion of 
carbon. Many aspects have to be considered; nanoparticles size and that the 
presence of other elements decrease sharply the melting point[57] [58]. Carbon 
solubility is 0.8wt% in FCC Fe at 723oC and 4.3wt% in liquid Fe at 1148ºC, these 
values are directly extracted from the binary Fe-C diagram phases.  
CNT growth: Catalyst particles are provided the template to the CNT to be 
extruded. In many reports, it was found directly correlation between the CNT 
diameter and catalyst size[59] [60]. It is unusual to find an active catalyst particle 
with a round shape[61], instead being elongated in the direction of CNT extrusion 
saturation of carbon in the catalyst can fixed the iron structure, preventing iron 
deformation[62]. The interaction between carbon and catalyst depends on carbon 
architecture. Interaction between individual carbon atom and metal is strong, 
allowing carbon diffusion in the catalyst, although the interaction between a 
graphene layer and the metal is very weak, repelling the layers during the CNT 
extrusion.  
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Contrary effects was reported modifying the reaction temperature. Which leads 
to bigger [63] and smaller CNTs[64], this effect can be related to the shape and 
not directly related to the size. 
Not all the catalyst particles are extruded a CNT, the inactive catalyst particles 
are encapsulated by a graphitic layer. Thus, it was explained by the 
supersaturation of the catalyst with carbon[65]. Moreover, It was reported that the 
catalyst size is not directly related to inactive particles[66]. The proportion of 
active particles is varying in a wide range from 0.5% to 20%[67]. Which are 
relatively low values. This implies that controlling the carbon concentration in the 
catalyst can lead to increase the efficiency in the reaction. 
CNT length is another important parameter that can vary from several nm (10-9 
m) to cm (10-2 m). Similarly, growth rate varies sharply from nm/min to µm/s. The 
length is usually directly linked to the lifetime of the catalyst. Thus, the growth rate 
decreases with CVD reaction time[68]. It is also studied the directly relationship 
between the growth rate and the chiral angle under identical conditions, being 
favourable the synthesis of armchair CNT[69]. 
Limiting step control is a controversial subject. In temperature ranges from 150 
to 650ºC, there are two hypothesis. First hypothesis supports the idea that 
diffusion through catalyst is the determining step[70]. While other analysis 
concluded that the carbon source decomposition is the limiting step[71]. It is worth 
mentioning that these effects tend to disappear increasing the temperature in the 
CVD reactor upper 800ºC [72]. There is no conclusion related to the influence of 
the catalyst size in the growth rate [73] [74]. 
Catalyst lifetime is mainly affected by two parameters; temperature and the 
concentration of the carbon source. In principle, there is a critical temperature, in 
which the tendency of increasing the temperature decrease the lifetime changes 
≈ 850ºC[75]. Concentration of carbon source affects decreasing the lifetime as it 
was reported by Futaba, in this work lifetime was increased adding water as an 
oxygen source [76]. 
Floating catalyst can lead to synthesised ultralong CNTs. Almost all the works 
reported long CNTs are produced by direct spinning from CVD, and it is further 
explain in details in next section. Temperature and appearance of a promoter are 
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the main distinction between the conventional growth methods. The differences 
between mechanism is due to the catalyst size and the interaction between the 
substrate and the catalyst particle (figure 2.5.b) 
Numbers of walls: It is also linked to the catalyst size, larger diameter and tubes 
with more layers are synthesised using bigger catalyst[77]. Very interesting 
results were analysed. It was reported that is possible to tune the number of 
layers in the CNT decreasing the precursor feed rate, suggesting that the 
increase in the concentration of carbon in the catalyst particles leads to decrease 
the number of the layers[78] [45]. Moreover, In situ growth observations 
concluded that the number of layers extruded by a particular catalyst can 
decrease along its growth[66]. This fluctuation in the number of walls can be 
related to the saturation of carbon in the catalyst, affecting in turn to the catalyst 
shape. Concluding the fact that the control of carbon concentration in the catalyst 
is the critical parameter. 
The CNT growth processes by CVD can be divided in two main groups in terms 
of location of the catalyst. Firstly, the addition of the catalyst is mixed with the 
carbon source, which is named as catalyst co-injection (CCI), temperature range 
is between 1000ºC – 1250ºC [79] [80], and catalyst pre-deposition (CPD) with 
catalyst pre-deposition on a substrate, which is exposed to the carbon source 
with temperature in the reactor between 300ºC- 800ºC [81].  
2.2. Direct Spinning from CVD reactor. 
The CNTs grow very fast in the gas-phase and form an aerogel that can be 
continuously withdrawn from the reactor as a fibre[80]. Some of the parameters 
that affect the growth of CNTs in this fibre spinning process are the carbon 
source, the catalyst, the promoter (sulphur, selenium and tellurium), furnace 
temperature, injection position and gas as the most important.  
The scheme in figure 2.6 shows the schematic of the direct spinning process, 
collection CNT fibre over a substrate.  
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Figure 2.6. Schematic of direct spinning process, collecting CNT fibre over a winder[80]. 
Mainly CVD publication are related to grow at low temperature with reaction times 
from minutes to hours. In this work the reaction described, correspond to 
synthesis at high temperature, which lead to instantaneous reaction (seconds). 
Catalyst particles are melted and it is possible to spin fibre continuously. The 
synthesis and structure of CNTs are made by this method and it is the main 
subject of this report. This method provides the ability to synthesise nanotubes 
with certain control of their number of walls, dimensions, and introduced dopants, 
among other parameters.  
Table 2.2 summarises the differences between the reaction at low and high 
temperature. Therefore, it is a big challenge to understand and control the 
synthesis at high temperature. During this work, the synthesis and structure of 
CNTs are made by this method and it is the main subject of this report.  
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Table 2.2. Summarises the main differences between CVD reaction at low and high temperature. 
 
2.2.1. Molecular control: Current understanding 
2.2.1.1. Carbon source 
CNT fibres synthesised from ethanol[80] [82] [83] [84] [46], methane[85] [86] [87] 
[88] [89] acetone [90] [91], hexane[46], toluene[92] [89] and butanol [89] have 
been reported. These carbon sources have different decomposition routes. 
Aliphatic carbons start the decomposition route around ≈ 400ºC[93] [94], while 
the aromatic ring is broken over 900ºC [95] in carbon sources as toluene. The 
main products of the decomposition at reaction temperature are mainly atomic 
carbon, hydrogen, and secondary elements as oxygens, which are also present 
in some carbon source stoichiometry[96]. The decomposition temperature 
indicates the availability of carbon in the reactor, allowing to determine the 
decomposition sequence in comparison with the catalyst and promotor source. 
Consequently, decomposition sequence affects to the CNT synthesis , modifying  
the  carbon diffusion into or over the catalyst particles[97] to extrude the CNTs 
for producing the fibre [90] [98]. 
Not only decomposition route affects to the reaction but also its concentration. 
Carbon atom concentration in the reactor is an important factor; high level of 
carbon concentration entails catalyst deactivation due to carbon encapsulation or 
producing amorphous carbonaceous material. On the other hand, low levels of 
concentration implicates low possibilities of collision with the catalyst[99].  
Carbon and hydrogen are present in all the carbon sources, moreover secondary 
elements are depending on the compound, as oxygen. Which, in appropriate 
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Because of the observed correspondence between catalyst particle size and 
catalyst diameter in traditional CVD, various reports assumed that a greater 
availability of Fe would lead to the particle coarsening in the gas phase and to 
the formation of larger diameter CNTs in the direct spinning process. Jung et al 
for example claimed that synthesis of SW was affected mainly by the 
concentration of ferrocene, modifying also the ratio of raman intensities ID/IG.[82] 
However, figure 2.7 shows a negligible change in raman spectra increasing 
ferrocene concentration more than one order of magnitude. It is remarked the 
absence of RBM when the amount of ferrocene increase (RBM is measured with 
514nm laser, which is the less favourable in promoting radial vibrations [85]); 
nevertheless, peak G is not analysed in detail, which is clearly similar in all the 
ferrocene concentration (emphasised by red dash line). 
The presence of more ferrocene itself, it produces a negligible change in the type 
of carbon nanotube. Consequently, catalyst particle is closely linked with the 
promoter, affecting to the intrinsic catalyst properties. 
2.2.1.2.2 Promoter 
The main characteristic of direct spinning method, it is the capacity of the reaction 
to enable a continuous spinning. This is possible by adding a small amount of 
promoter, which increases the growth rate and length of the CNTs. Typical 
promoter is sulphur, through different sources as thiophene [82][92], carbon 
disulphide [85] or sulphur[73], but the same effect is found synthesising in 
presence of selenium and tellurium[8]. Different promoter sources lead to 
different decomposition routes and availability along the reactor, affecting directly 
to the CNT growth. 
The promoter together with iron forms a sulphur-rich phase in the catalyst 
surface, allowing to limit surface diffusion of carbon in the particle. Iron sulphide 
is in the catalyst surface[104] producing different types of CNTs, modifying the 
CNT chirality. Average catalyst size decreases with reduction in the promoter 
content [106]. Therefore, At higher concentration of thiophene in the feedstock, 
bigger CNTs and with more layers  are produced[90]. This shows that although 
particle size affects CNT diameter, the size effective particles is dictated by the 
concentration of promoter. Furthermore, according to the literature preferential 
Literature Review 
23 
 
chirality are obtained using different sulphur sources; armchair and metallic CNTs 
are promoted with CS2; whereas employing S or H2S, CNT fibre contains metallic 
and semiconducting CNTs[85]. 
Schematic CNT growth model is presented in the figure 2.8.a, carbon atoms are 
diffused through a molten Fe-S shell and extrude a CNT.  
 
Figure 2.8. (a) Schematic representation of the CNT growth model in the presence of sulphur in 
the surface[104].  
The understanding of the direct spinning process before this work emphasised 
the important role of sulphur but fail to associate the type of the tubes in terms of 
number of layer with the ratio Fe/C. 
2.2.1.3. Secondary reactants: Hydrogen, oxygen and silicon. 
Hydrogen is used as the main carrier gas in the direct spinning reaction, 
controlling the residence time and the flow rate along the tube.  
Hydrogen flow affects to the CNT graphitisation; Motta et al. reported that 
increasing the hydrogen flow leads to more quality CNTs, while at low flow, the 
CNTs are thick and poor graphitised[46]. Hydrogen can be helped to control the 
carbon concentration in the reaction area or reacting with S producing H2S [92], 
affecting to the CNT growth. Furthermore, hydrogen is creating a reducing 
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atmosphere, being the most abundant atom in the reaction area, H2 ratio is 
between 60 and 95 at%.  
Recent works are trying to replace hydrogen with inert gases as nitrogen[107] 
and argon[108] [109].However, the quality of the fibre and its reproducibility is 
already questioned, observing the aerogels and the fibres in the micrographs. 
Therefore, it is important to understand the interaction between carrier gas atoms 
and the other reactant, to describe in detail the role in the reaction, which is not 
well established. 
Increasing moderate the hydrogen flow rate leads to displace the reaction deeper 
in the reactor, where the parameters of the reaction are maintained. Thus, same 
CNT type are synthesised[110], with the exception of the reactant concentration. 
Increasing hydrogen dilutes the particles, affecting to the CNT concentration in 
the reaction area. 
Oxygen is present in carbon sources as aliphatic carbon or aromatic compounds, 
therefore, oxygen atoms are located in the reaction area.  
The effect of oxygen has been studied in lower temperature and promoter free 
CNT growth. The different conclusion are extracted; finding better selectivity in 
graphitic carbon[10]; promoting the removal of metallic SWCNTs[111] or 
oxidising the graphitic carbon surrounded the catalytic to revive its activity[43]. 
However, at high temperature, it is possible to spin long CNTs using oxygen free 
carbon sources as toluene and methane. 
Silicon is the main element of the reactor tube, which is made of mullite or quartz 
in all the literature. Observing in detail the results, the presence of silicon in the 
CNT fibre is a constant, being observing mainly by X-ray or EDS [112] [113] [114] 
[115]. According to the literature, it is possible that the presence of oxide, acting 
as a substrate, can affect to the synthesis of the CNTs, producing an interface 
between the oxide and the catalyst [116] and increasing the catalyst lifetime[117]. 
This work shows the presence of residual Si-based particles in CNT fibres, as 
observed in sample reported elsewhere. It is originates from the reactor tube, 
which is made of mullite (62.5% Al2O3; 35.2% SiO2 + impurities) 
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spinning and Spinning from arrays of aligned CNTs, together with the previous 
mention, Direct spinning from CVD reaction, which are included in dry spinning 
methods. 
Polymer/CNT coagulation route: It is a simple method to produce continuous 
polymer/CNT composite. This process consists of a dispersion of nanotubes in 
surfactant solution into the stream of a polymer, which acts as a coagulation 
bath[119] (figure 2.10.a). Excess of solvent is subsequently removed. Typical 
CNT/polymer fibre composition obtained is 60wt.% nanotubes. The different 
properties of the polymer/CNT fibres are related to the formation of semi-
crystalline polymer. When the polymer is mainly amorphous, the fibre shows 
outstanding values of toughness in tension because of the combination between 
the nanotubes strength and the tensile elongation of the amorphous polymer 
domain[120]. For many semi crystalline rather than amorphous polymer, the fibre 
formed, has higher strength and stiffness although reduced toughness[121].  
Liquid-crystalline spinning: Dispersions with superacids[122]  or ethylene 
glycol are mixed together with CNT, obtaining a lyotropic liquid crystalline 
solution. CNTs are producing in a coagulation bath and continuously spun[123] 
(figure 2.10.b), similarly to the process to produce poly-phenylene benzo-
bisthiazole (PBO) fibres. CNT fibres are flexible and easily manipulated. It also 
retained any imparted twist and could be knotted. Properties are important for the 
weaving and knitting. Fibre can be oriented easily due to the short length of CNT 
(1-100 μm), obtaining promising properties; tensile strength ≈ 1 GPa/SG, stiffness 
≈ 120 GPa/SG, electrical conductivity ≈ 3x106 S/m and thermal conductivity ≈ 380 
W/mK in specimens of 1.5mm length [124]. 
Spinning from arrays of aligned CNTs: Aligned CNTs are grown on a 
substrate. Drawing is possible due to the small separation between CNT fibres 
and the Van der Waals forces between them[125].To increase the fibre density 
and improve the interaction between the CNTs, the fibre is twisted at the drawing 
stage. Typical fibre diameter range is between 1 to 10μm. Figure 2.10.c shows a 
SEM micrograph reporting a fibre being collected from a CNT array and twisted. 
The type of CNT is critical to obtain different properties of the fibre. CNTs with 
fewer layers and longer diameters are reported to result in the fibres with higher 
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2.4. Mesoscopic structure: Drawing inspiration from polymer 
fibre. 
One of the most important challenge associated with the CNTs, it is the 
exploitation of the exceptional properties on a macroscopic length. The individual 
nanotube, due to the dimension, is not feasible to use in envisaged applications. 
Therefore, macroscopic architecture are synthesised, assembling a large number 
of CNTs. 
 
Figure 2.11. Basic structural block of high performance fibre, which is inspiring the CNT fibre 
production[130]. 
The ideal high-performance fibre requires alignment of the CNTs parallel to each 
other along the fibre axis, in an architecture that thus efficiently exploits their axial 
properties. This arrangement is in the line with Staudinger´s[131] and 
Carother´s[132] models for producing strong fibres from extended highly oriented 
molecules, which were proposed more than 80 years ago. These models have 
been the inspiration for a wide range of high-performance polymer fibre. Figure 
2.11 shows the basic structural block of some high-performance polymer fibre 
(polyester, dyneema or PBO), including CNT [130]. CNTs are indeed similar to 
polymer chains and can be spun as continuous macroscopic fibres, in a process 
very similar to polymer fibre wet spinning.  
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According to the literature, it is proven the effect of the spinning speed increasing 
the alignment of the CNT along the fibre axis. Though the enhancement in the 
orientation, it is possible to improve the macroscopic properties (mechanical, 
electrical and thermal)[133]. 
In this work, it is demonstrated that the polymer analogy can be extended to CNT 
fibres produced directly from the gas-phase during CVD. By controlling the 
dilution of CNTs in the gas phase, it is possible to reduce the number of 
entanglements in the aerogel, similar to the dilution applied in wet spinning of gel 
polymer fibres, thus enabling the drawing of the in-forming fibre and alignment of 
its building blocks. 
2.5. Structural studies of CNT fibre  
In the macroscopic ensemble the spatial distribution and the interaction between 
building blocks play a critical part in determining the bulk properties of the CNT 
fibre. The confluence of multiple length scale also implies that these macroscopic 
assembles of nanobuilding blocks have a complex hierarchical structure that is in 
both cases difficult to probe experimentally and to characterise precisely. 
Similar 3D structure can be synthesised and studied; bucky papers are produced 
by vacuum CNT filtration[134] and CNT fibre spun by different methods[135]. 
Direct spinning from CVD reactor structure is interesting for different reasons, 
building block can be tuned from SW to MW and bundles can be oriented along 
the fibre axis producing high-performance fibre in the reaction process.  
2.5.1. Gas-adsorption (isotropic analysis) 
It is possible to define CNT fibre as a mesoporous structure (after densification). 
Pore size distribution is calculated in the range from 5 to 60nm in CNT fibre 
produced by direct spinning[136]. This range is more spread than the values from 
CNT fibres spun by polymer coagulation spinning, which are distributed from 1.5 
to 20 nm[137]. 
This singular structure allows to infiltrate with liquid[136] or polymer[138]  for 
producing devices for different applications as electrodes or composites. Which 
is composed by two main phases: CNT bundles and pores. It is observed a 
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Ds≈3[136], comparing to non-oriented fibre obtaining Ds≈2.5[130]. Different 
values are explained by the wide range of porous distribution due to the different 
degree of alignment along the fibre.  
At higher angles, related to distances between 4 and 11 nm, a shoulder appears 
in the SAXS integration (figure 2.14.a), being more accused in the oriented CNT 
fibres. Figure 2.14.b shows two SAXS patterns with different streak intensity 
perpendicular to the fibre axis, evidencing different degree of orientation. FIB-
SEM micrographs are confirming the SAXS observation (figure 2.14.c). This 
effect is found in different CNT synthesis methods, it is always more evidence in 
sample, which improves the  CNT alignment [149] [150].  
Through a simple SAXS analysis, it is possible to obtain a global overview of CNT 
fibre structure, pore/bundle interaction and CNT orientation along the fibre. 
 
Figure 2.14. (a) SAXS integration for as made and twisted fibre in logarithmic scale. (b) Radial 
integration is performed, using SAXS patterns, observing different shape in the streak intensity, 
related to the orientation. (c) FIB-SEM micrographs of as made and twisted fibre. Adapter from 
[145]. 
2.5.2.2. WAXS analysis 
WAXS technique was used in CNT fibre to measure the fibre orientation of the 
CNT[114], moreover catalyst [113] and residues[112] structures. In WAXS, the 
pattern reflects scattering from coherent crystal structures present in the sample. 
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At higher angles (q > 33nm-1), it is possible to observe more reflections from CNT 
110, 004, 112 and 006, which correspond to distances between 0.1 - 0.17nm, 
moreover other reflections related to catalyst particles and impurities (figure 
2.15.e) [151].  
2.6. Properties 
It is an important challenge to make an aligned CNT fibre yarn without defects. 
Improving nanoscale and microscales properties lead to enhance the results in 
macroscopic architectures. Synthesis is one of the most important factor to 
produce specific CNTs and therefore obtain the desired fibre properties without 
applying aggressive post-treatments.  
It is worth mentioning that due to the difficulties of choosing the effective cross 
section area and for making comparisons between different experiments and 
materials are more straightforward when tensile properties are normalised with 
respect to the mass per unit length in the materials. Consequently, the 
measurement belongs independent of the effective section, which is very difficult 
to measure accurately, ever more in macroscopic architectures. In this work, the 
mechanical properties are normalised by specific gravity (SG). 
2.6.1. Mechanical properties 
The mechanical properties of CNT fibre by direct spinning were very 
promising[152], obtaining results of Young´s modulus 80GPa[92] [153] tensile 
stress ≈ 1.5-2 GPa/SG for fibres with gauge length of 20mm[154] [115]. 
Decreasing the length less detects are testing, therefore better mechanical 
properties were obtain even though the spread is considerable at low gauge 
distance[133] in tensile test. Furthermore, as a unique high-performance fibre, 
mechanical properties of CNT fibre are not affected when it is knotted or bended. 
This effect is consequence of the semi-continuous structure[154]. 
To evaluate the high-performance properties, it is necessary to consider the CNT 
fibre as a hierarchical structure, assembly by building block at different scales, 
CNTs, bundles and filaments. The relation between the blocks is critical to 
determine the mechanical behaviour[155]. 
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between CNTs and bundles; e.g. alignment or packing, producing changes in 
links and contact areas.  
The electrical conductivity of SWCNTs has been estimated theoretically to be 108 
S/m[28]. The highest electrical conductivity reported in CNT fibre with direct 
spinning is 8.3x105 S/m[80], which is far away than the individual CNT. Although, 
electrical conductivity of CNT fibre has been reported in 3.6x106 S/m[124], which 
was synthetized by liquid crystalline spinning. The fibre was produced with short 
tubes together with a good alignment.  
As it was mentioned in a previous section the knowledge of an electrical 
behaviour of an individual CNT is very well-known through the chirality control 
(section 2.1.2). Therefore, big efforts are focused in synthesising fibres with 
metallic SWCNTs. The role of the promoter source plays an important role in 
synthesis of CNTs with different electrical properties. Different sulphur source 
might be leads to delay CNT extrusion, appearing CNTs with a dominant 
chirality[159]. Moreover, it is possible to characterise the CNT ratio between 
metallic/semiconductor, analysing the resistance against the temperature (figure 
2.17.a). Semiconductor behaviour leads to decrease the resistance with 
temperature, in contrast to metallic character that increases the resistance with 
the temperature. Upshift temperature point (To) determines the limit point over 
the metallic CNTs are predominant[160].  
Building block character of the CNT fibre can provide to the CNT fibre several 
configuration. It is possible to control the porosity in the fibre and therefore the 
number of contacts between the CNTs or bundles. Figure 2.17.b shows that 
highly compact fibre leads to better conductivity, promoting contacts and 
decreasing intertube space [161] [162]. It is worth mentioning that the effect of 
the atmosphere condition can control in the electrical measurement. Changes in 
the humidity affect largely to the conductivity of the fibre[163].  
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Table 2.3 Properties of the CNT fibre produced by different spinning method 
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Figure 2.20. (a) Raman spectra normalised by G peak intensity and (b) TGA measurements from 
CNT fibre provided by Tortech, Infra and Nanocomp. 
2.7.2. Sustainability (Life cycle assessment) 
Life-Cycle Assessment (LCA) is a standardized (ISO 14040/44) and established 
for the assessment of the sustainability. LCA is a comprehensive framework that 
quantifies ecological and human health impact of a product or system over its 
complete life cycle. 
LCA is recommended as powerful tool to assess the environmental sustainability 
of nanomaterials. Nowadays, LCA studies are still starting on nanomaterials area. 
The main reason is the lack of information on the side of inventory data. Thus, 
the LCA studies on nanomaterials are limited and mainly based on literature and 
patents data[175]. Despite the uncertainty intrinsically related to the assessment 
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of this new type of material, there is the urgency to establish their sustainability. 
This work is trying to promote the first baseline evaluation for emerging material 
and technology. The main purpose of LCA is to evaluate the environmental 
performance of the production of CNT fibre at lab-scale by accounting different 
scenario which considered different carbon sources and different feeding rate. 
Then, the assessment of the environmental performance has been also 
conducted by upscaling the production route to an industrial plan level.  
2.7.3. Applications 
The combination of CNT fibres properties are very promising to compete with 
other high-performance fibres or metals. Table 2.4 presents a comparison with 
carbon fibre (AS4), Kevlar 49 and copper. 
Table 2.4 Properties of the CNT fibre and high - performance commercial fibre. 
  CNT fibre Carbon fibre (AS4)a Kevlar 49b Copper[38] 
Tensile Strength ( GPa/SG) 1.5-2[154] 2.4 2.1 0.22 
Tensile Modulus (GPa/SG) 80[92] 129 78 0.12 
Electrical Conductivity (S/m) 8.3x105 [80] 6x104 - 5.8x107 
Thermal Conductivity (W/mK) 750[176] 6.8 0,3 400[177] 
Specific Surface (m2/g) 270[178] 0.2 0.2 - 
Density (g/cm3) 0.8 - 1[133] 1.8 1,5 8.9 
a Hex Tow®AS4    b Kevlar®49(K49) 
Supercapacitor and batteries using CNT arrays are attractive materials for 
charge storage due to the high electrochemically accessible surface combined 
with their high electronic conductivity, mechanical properties and long cycle 
life[179]. In supercapacitors the change are maintained in the electrolyte-
electrode interface. The electrode in supercapacitor is typical made by activated 
carbon in powder, with a high surface area 1500-2000m2/g, obtaining 
capacitances around 100-150 F/g[180].  
Figure 2.21.a shows the CNT structure, around 50% is pore and its size 
distribution (figure 2.21.b).  Figure 2.21.c presents a plot of surface area vs 
toughness for different carbon materials, related to CNT fibre. The values of 
surface area are similar to other methods for synthesising CNT fibre, the only 
exceptions are the activated carbon and activated carbon fibre, which is induced 
structural defects by chemical activation[181]. However, mechanical properties 
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Hybrids can exploit the combination of mechanical properties, high thermal 
stability-conductivity and very high carrier mobility from CNT fibre, allowing to use 
in solar cells, photo-electrochemical cells and change transfer applications[184]. 
The combination of CNTs and inorganic semiconductors can lead to new hybrid 
material with improved properties, such as a piezoelectric properties and higher 
photocatalytic activity. This improvement is associated with charge transfer 
processes at the CNT/semiconductor interface and therefore it is dependent on 
CNTs by its properties as chirality, diameter and number of walls[135].  
The CNT/semiconductor interface can be exploited in small devices. Mesoporous 
structure of CNT together with the high surface area can act as a large-area 
scaffold for the semiconductor, obtaining piezoelectric properties together with a 
semiconductor as ZnO. Moreover, CNTs hybridised with one of the most used 
semiconductor TiO2 can create a mesoporous network highly crystalline to 
improve the oxide photoactivity, reaching the hydrogen production[185]. 
Composites is probably the most reported application related to CNTs. A wide 
range of polymers and liquid are infiltrated or added to improve different matrix 
properties. CNTs are mainly used for reinforcing polymers[186]. Various 
semicrystalline polymers are accelerated the process and forming a 
transcrystalline (TC) layer perpendicular to the fibre axis. This especial nucleation 
change the interaction between CNT/polymer and thus bulk properties of the 
composite system[138]. Moreover, according to the continuous structure of CNT 
fibre can increase the electrical properties dramatically [187] 
Finally, CNT fibre have been combined with different metals as copper. Cu/CNT 
Cables are produced by electrodeposition, where Cu is filled the voids in the fibre 
with the objective of increasing the current carrying capacity and decrease the 
weight[188].
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3 Experimental techniques 
All the samples studied and characterised in this work, were performed in IMDEA 
Materials institute, using a homemade reactor by direct spinning from CVD[80]. 
The fibre are produced by continuous drawing of the aerogel from the gas phase 
into a winder. Vertical tubular reactor is used at mainly 1250ºC in hydrogen 
atmosphere. 
The sample was introduced in a pressure reservoir in liquid state, mass flow 
controller was installed for controlling the injection from 1ml/h until 7ml/h. The 
liquid injection is vaporised by a CEM around 200ºC to homogenise the feed rate 
entrance in the reactor. Furthermore, the vapour is helped, using a small amount 
of hydrogen as a carrier gas from 5ml/min to 10ml/min, which is controlled by a 
gas flow. In this work, it was performed a lot of different fibres with different type 
of CNT and orientation. Therefore, a wide range of precursor were used. Firstly, 
butanol was the main carbon source, but toluene and benzyl alcohol was used, 
from 97.7 to 99.2%wt. Thus, ferrocene and thiophene were used in different 
proportion from 0.02 to 1.5wt% to tune the CNT fibre.  
Injection streams is mixed in the upper part of the reactor with a hydrogen flow. 
Hydrogen flow rate can vary from 0.6 to 2.8l/min. The appearance of the aerogels 
are situated in the first third of the reaction, when the temperature is over 1100ºC 
and depending on the aerogel characteristics the winding rate are between 7 
m/min to 55 m/min. Depending on the application the CNT fibre can be supported 
in paper, aluminium, Teflon, quartz, glass or even in a hollow space. It is worth 
mentioning that all the fibres presented in this work can be spun continuously 
during hours, obtaining homogeneous results along the time. 
Figure 3.1 shows the picture of the vertical tubular reactor for producing CNT fibre 
by a continuously spinning. 
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Figure 3.1. Picture of the reactor for producing CNT fibre by direct spinning. 
3.1. Brunauer-Emmett-Teller gas adsorption (BET) 
3.1.1. Surface area and pore volume 
Surface area and pore volume information are one of the most important 
characterisation to understand the fibre structure.  The Brunauer-Emmett-Teller 
(BET) gas adsorption method is performed to obtain the total surface area and 
pore volume of porous materials (VP). BET method is based on physical 
adsorption of gas molecules on a solid surface, the amount of gas molecules is 
obtained[189]. BET adapt the Langmuir theory for monolayer molecular 
adsorption to multilayer. The surface is covered by all the adsorbed molecules 
for monolayer. In multilayer adsorption, there is only one layer in contact with the 
solid surface. The surface area (ABET) and the specific surface area (ASBET) are 
calculated by the following equations:  
(𝐴𝐵𝐸𝑇) =  𝑛𝑚
𝑎  𝐿 𝑎𝑚     Equation (3.1) 
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(𝐴𝑆𝐵𝐸𝑇) =  
𝐴𝐵𝐸𝑇
𝑚
      Equation(3.2) 
Where L is the Avogadro constant, 6.023x1023 mol-1, m is the mass of the sample, 
am is the area effectively occupied by each adsorbed molecule (N2 is the most 
common gas) in the complete monolayer and 𝑛𝑚𝑎  can be calculated by the BET 
equation: 
𝑃
𝑛𝑎 (𝑃0 − 𝑃)
=  
1
𝑛𝑚
𝑎  𝐶
+
( 𝐶 − 1)
𝑛𝑚 
𝑎 𝐶
𝑃
𝑃0
      Equation(3.3) 
 Where na is the amount of N2 adsorbed at the relative pressure (P/P0), C is a 
constant, which is depended on the isotherm shape. This equation can be 
expressed as, relating directly to the weight of gas adsorbed (W) and the weight, 
which correspond with a monolayer (Wm): 
1
𝑊 [(𝑃0 − 𝑃) − 1]
=  
1
𝑊𝑚𝐶
+
( 𝐶 − 1)
𝑊𝑚𝐶
𝑃
𝑃0
     Equation (3.4) 
Wm is calculated from a linear regression of the BET plot. It is worth mentioning 
that the plot is restricted, in the range of 0.05 < P/P0 < 0.35 due to the capillary 
densification[189]. 
3.1.2. Pore size distribution 
Pore size distribution are obtained by Barret-Joyner-Halenda (BJH), based on 
nitrogen isotherms by defining the relationship between volumes of capillary 
densified against the relative pressure[190]. Considering the pores as cylindrical, 
open and desorption mechanism are filled with liquid adsorbate, then the thinning 
of the physically adsorbed layer is followed over the pressure decrement. The 
nitrogen vapour adsorbed determine the total pore volume.  
In the CNT fibre the pores are generally elongated and preferentially oriented 
parallel to the fibre axis. IUPAC classify pores depending on their size; 1.- pores 
with widths exceeding about 50 nm are macropores; 2.- between 2nm and 50nm 
are called mesopores and 3.- pores under 2nm are called micropores[191]. It is 
worth mentioning that the weight of the sample were over 70mg per sample, 
optimizing the equipment error. Consequently, fibre densification is mandatory. 
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3.2. X-ray diffraction (XRD) 
XRD is based in the interaction of light of wavelength λ, which is in the range of 
the size of the atoms, the incident x-ray are diffracted with the crystal, which are 
located in a regular array of atoms, in some specific crystallographic planes of 
the material are in agreement with the Bragg´s law:  
nλ =  2d sin θ     Equation (3.5) 
Where n is an integer, d the spacing between the planes in the atomic lattice and 
θ the scattering vector. The scattered intensity is presented as a function of 
scattering vector q: 
𝑞 =
4𝜋 sin (θ)
𝜆
      Equation (3.6) 
SAXS is an analytical method to determine structure in terms of shape and size 
between 1 and 90 nm due to the different electron density in the material. X-ray 
penetrate inside the sample and every element CNT or bundles in contact with 
the beam emit its signal. Therefore, it is possible to study the average structure 
of all the irradiated surface composed by millions of CNTs. It is possible to obtain 
information, related with different SAXS parameters. 
CNT fibre is two-phase system composed by CNTs and air. It is possible to 
calculate the invariant, which is well-defined for two component, following the 
expression: 
𝑄 = ∫ 𝑞2 𝐼 (𝑞) 𝑑𝑞 = 2𝜋2𝜑1 
∞
0
𝜑2 𝑉 (∆𝜌)
2      𝐸quation (3.7) 
Where 𝜑1 and 𝜑2 are the volume fraction of each phase, V Is the volume of the 
sample and ∆𝜌 is the difference in electro density between the two-phases, and 
it is possible to calculate: 
𝜌𝑒 =
𝑁𝐴𝜌𝑚𝑛𝑒
𝑀
       𝐸quation (3.8) 
Where NA is Avogadro constant (6.023 x1023 mol-1), M the molar mass (g/mol), 
ne the number of electron per molecule ρm the mass density (g/cm3). CNT fibre 
has an electro density ≈ 6.45 x1023 e/cm3[130]. 
It is necessary to apply an approximation, extending the peak intensity until 0, 
related to the lack of information due to the beam stop, called Guinier´s 
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It is worth mentioning that these values of FWHM included misalignment of 
filaments in the sample and thus underestimate the intrinsic orientation in the 
material. In order to obtain more intense pattern, the sample is prepared, 
densifying 100 filaments.  
3.2.2. WAXS in CAI 
Wide angle 2-dimensional X-ray scattering (SAXS and WAXS) patterns were 
taken at room temperature with a Bruker-AXS SMART 1000 single crystal 
diffractometer using Mo Kα radiation and a CCD detector. The sample-detector 
distance was determined using silicon single crystal standard. The X-ray 
scattering patterns were integrated to obtain radial and azimuthal profiles. The 
samples used for WAXS measurements consisted of multiple parallel CNT fibres 
produced by winding individual filaments continuously for typically >20 min, 
corresponding to >1000 filaments.   
3.3. Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique based on inelastic scattering 
of monochromatic light, related to vibrational modes in the material. Inelastic 
scattering means that the frequency of monochromatic light changes upon 
interaction with a sample. Raman is considered a surface characterisation 
technique, and it has been widely used in the characterisation of CNT. 
Raman spectra were acquired with two different spectrometers: a Renishaw PLC 
and a Jasco NRS-5100. All the spectra were taken in the range from 120- 3000 
cm-1 using a 100x objective lens and the exposition time was 15s. With the 
Renishaw spectrometer a 532 nm laser line (2.33 eV) was used as excitation 
source, taking three accumulations at 5% of the total power laser (≈ 1.68 mW) 
was used. A Jasco spectrometer was used to acquire the spectra with 633nm 
and 785 nm laser (1.57 eV), with a fixed power of 5.5 mW and a single 
accumulation. In order to maximize the Raman signal, the polarization of the 
excitation signal was kept parallel to the CNT fibre axis. 
Radial Breathing Mode (RBM) peaks are observed in the range 70-400cm-1. 
RBMs peaks are directly associated with the radial vibration of carbon atoms by 
the radial expansion and contraction of CNT. Its frequency is inversely 
Experimental Techniques 
53 
 
proportional to the CNTs diameter. Thus, the diameter of the CNT can be 
determined from the Raman shift of the RBM peak (ω); φ= a /(ω-b). Where a and 
b are experimental parameters, which are depending on CNT chirality. Results 
obtaining in this work were best adjusted using the following parameters: φ= 248 
/ω. The RBM intensity peaks are associated with the excitation energies and the 
signal is more intense when the optical transition energies of the CNTs are in 
resonance with the excitation energy used. To obtain a complete overview of CNT 
diameters is important to use different laser, modifying the excitation energies. 
D peak (Disorder peak) is around 1320 cm-1 and is associated with the sp3 bonds 
implying that it has to be with the disorder peak (D) because the graphitic bonds 
are sp2. The intensity of D peak is taken as a measure of defects or impurities 
(poor graphitisation) in the sample.  
G peak is observed around 1580 cm-1. G peak is associated with the tangential 
vibration of carbon atoms in a hexagonal lattice and is characteristic from sp2 
bonds (level of graphitisation). The peak structure has relationship with the type 
of CNT and diameter. MWCNTs generate a symmetric peak centred ≈ 1578 cm-
1. However SWCNTs can be divided in two peaks: G+ is also ≈ 1582 cm-1. On the 
other hand the G- peak, which appears ≈ 1570cm-1, shows a direct relationship 
with the metallic SWCNTs. Third peak appear in metallic predominance CNT 
sample at 1554 cm-1. Due to a low frequency G band component arising from the 
coupling of lattice vibrations to free electrons. It can be accurately fitted by the 
corresponding Breit-Wigner-Fano (BWF) line shape.  
In the literature the purity of a graphical material are measured using the ratio of 
the intensities of the peak D and G (ID/IG). However, it is necessary to obtain a 
good statistics; the presence of a few SWCNT can increase sharply G peak, 
making unappropriated conclusions from ID/IG values. 
M peak is a minor peak, in the dimension point of view, because, it can provide 
information about how packed are the CNTs. It is concluded that M peak is 
strongly dependent on stacking order of graphene layers. Disappears for bilayer 
samples.  It is observable in CNT samples with predominance of collapse CNTs, 
which are stacked as a sheets in the bundles and it can be obtained mechanical 
and electrical behaviour. 
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2D peak appear from 2650 to 2700cm-1, which is an overtone of the D-band and 
it has a direct relationship with the diameter of CNTs and the excitation 
wavelength affected by the interaction between the amount of CNT layers and by 
the termination of this layers. In all nano-carbons and more clearly in graphene, 
the position and shape of the peak is directly related to the number of layers. 
3.4. Electron microscopy 
Electron microscopy generate images of materials microstructure at high 
magnification; Beam of electrons  interact  with the sample to form specimen 
images, obtaining information at micro and nanoscale and confirming evidences, 
which are studied through other techniques. The CNT structure characterisation 
has been obtained by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM).  
In the SEM technique, the electron, beam interacts with the sample, losing and 
energy leading to the emission of secondary electrons, backscattered electrons 
and X-ray.  Secondary electrons shows the topographical characterisation of the 
sample. Backscattered samples determine the compositional characterisation of 
the sample, the shine intensity of the electrons are proportional to the atomic 
weight. Furthermore, elemental analysis are carried out using energy-dispersive 
X-Ray spectroscopy (EDS). EDS is an analytical technique used for the elemental 
analysis or chemical characterization of a sample. The energy of photons emitted 
after the electron beam interaction, is characteristic of the elements present in 
the sample, representing the atoms energy transition in the material. The SEM 
images and the EDS analysis were performing with EVO MA15, Zeiss model. 
TEM uses a high energy electron beam (200 or 300 keV), which is between 10 
to 100 times higher than SEM. Thin specimen is essential  due to the electrons 
are transmitted through the specimen. The electron beam is magnified and 
focused to provide an image of the structure of the material. JEOL JEM 2100, 
JEOL JEM 3000F and Talos F200X FEI have been used to provide all the 
information. 
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3.5. Optical microscopy 
Optical microscope (OM) were carried out with OLYPUES BX51 with the camera 
OLYMPUS ColorView, the images were capture in reflection at different 
magnifications. 
3.6. Atomic force microscopy (AFM) 
AFM is a high resolution microscopy, with a resolution on the order of 
nanometres. It is very useful for creating 3D images and studied the topography 
of the sample. A silicon cantilever with a sharply tip shape, which is scanning the 
surface of the sample. Depending on the application and the material, it is 
possible to apply two different modes: contact mode and non-contact mode. 
In contact mode, the tip is in touch directly with the sample, forces between the 
sample and the cantilever produce a deflection in the cantilever. The amount of 
forces that the cantilever can distinguish are van der Waals, chemical, 
electrostatic or magnetic forces. In non-contact mode the cantilever is under 
vibration or oscillated, producing a frequency. The different force in the surface 
decrease the resonance frequency of the cantilever, using a scanning software, 
it is possible to reconstruct a topographic image of the surface. In this mode the 
surface of the sample is not affected by the cantilever, which is optimal for 
measuring roughness in CNT surface or analysed the thickness of a CNT film in 
the nanometre scale. 
Atomic force microscopy (AFM) analysis of the surface thickness was performed 
using a Park XE-150 AFM Instrument (Park Systems Corp., Suwon, Korea) in 
non-contact mode. 
3.7. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is an analytical technique used to determine 
a material’s thermal stability and its fraction of volatile components by monitoring 
the weight change that occurs as a specimen is heated. The measurements are 
performed in air atmosphere, so as to identify the different carbonaceous species 
and the catalyst in the sample by recording the mass-loss associated with the 
temperature .The protocol is increasing the temperature 10ºC/min from 25ºC to 
900ºC. The mass of CNT is in the range from 1 to 5mg. 
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It is possible to obtain information about the composition of the CNT fibre. Thus, 
the amount of sp3 are determined calculating the loss weight until the onset 
around 500ºC. Sp2 carbon species are degraded between 500ºC to 650ºC, 
appearing a sharply decrease in the mass. The remnant of weight at the end of 
the experiment is related with the catalyst, which is oxidised during the 
temperature slope to Fe2O3.  TGA analysis was carried out using a TAQ800 
model. 
Iron catalyst is oxidising during TGA experiment to Fe2O3. Therefore, total 
catalyst in the fibre is approximately 70% of the total TGA residue. This value is 
calculated by using the oxygen and iron molar mass. 
𝑰𝒓𝒐𝒏 (𝒘𝒕%) =
𝟐𝐱𝐌𝐅𝐞
𝟑𝐱𝐌𝐎+𝟐𝐱𝐌𝐅𝐞
 𝒙 𝟏𝟎𝟎      𝐸quation (3. 𝟏𝟏)  
Raman measurement was performed in order to confirm the presence of Fe2O3 
as the catalyst residue after oxidation. The raman peaks in the figure 3.4 evidence 
clearly the modes from the Fe2O3 oxide: (224-A1g, 243-Eg, 290-Eg, 408-Eg, 496-
Eg, 609-Eg, 659-Eu)[192]. It is worth mentioning that oxide peaks were not 
observed in CNT fibre raman spectra, confirming the metallic iron as a catalyst. 
 
Figure 3.4. Raman spectra of catalyst residue, conforming the presence of Fe2O3. 
3.8. X-ray photoelectron spectroscopy (XPS) 
XPS is a semi-quantitative technique, using to estimate the stoichiometry, 
oxidation state or electronic state of the different elements present in the sample. 
The specimen is irradiated with X-rays and the detector determine the kinetic 
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energy and the number of electron that are escaping from the surface. This 
emitted electrons provide information related to the binding energy and 
consequently related to the emitter atom. The measurement has to be made 
under ultra-high vacuum. XPS are used in characterised CNT, providing 
information related with the catalyst structure, the nature of different impurities or 
CNT doping. In crystalline structures can also confirm XDR information. 
XPS data were collected in a SPECS GmbH electron spectroscopy system 
provided with a PHOIBOS 150 9MCD analyzer. The deconvolution shown is fitted 
by Gaussian/Lorentzian peak shapes and Shirley background profile subtraction. 
3.9. Organic elemental analysis 
Organic elemental analysis is measured by combustion analysis. Sample is 
burned in a controlled atmosphere in excess of oxygen, trapping the combustion 
products as CO2, H2O and etc, and weighted.  The main elements measured are 
carbon, hydrogen, nitrogen and sulphur. 
3.10. Ellipsometry 
Ellipsometry is an optical technique for obtaining the dielectric properties from a 
thin film structures, measuring the change of polarisation in reflection and 
transmission. One of the main advantage of this technique is that the ellipsometry 
is very accurate and robust, being reproducible. 
The light incident in the sample is decomposed is s and p component, which 
represent the perpendicular and parallel oscillation, related to the surface, 
respectively. The amplitudes of both components are measured at different 
incident angle and named as rs and rp. Ellipsometry measures the reflectance 
ratio (ρ), which is the ratio of both component, being proportional to the amplitude 
(ψ) and the phase shift (∆): 
𝜌 =  
𝑟𝑝
𝑟𝑠
= tan(𝜓)𝑒𝑖∆       𝐸quation (3.12) 
Ellipsometer SOPRA GES 5E were performed the reflectance measurement and 
calculated the refractive index with a Xe lamp. Different thickness were analysed 
using light reflection for p-polarization and s-polarization by modifying the incident 
angle from 55º-65º-75º the wavelength cover the range between 200 to 1500nm 
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3.11. Mechanical and electrical test 
Mechanical properties related to individual filaments were performed by 
Textechno Favimat tensile tester with 2N induction load cell. Samples are tested 
in a vertical configuration, holding in the edges by two pair of rubber grips closed 
by an adjustable force spring. To situate the fibre completely vertical and no 
twisted, small weight is holding from the fibre. This weight is negligible avoiding 
densification, strain or alignment in the fibre structure. Test configuration was 
optimised during the duration of this work, small pretension of 0.002N/TEX is 
applied to avoid fibre relaxation. Continuous strain rate is configured in the 
experiments 1mm/min (5%/min). Fibre length in the samples are 20 mm. 
Fibres are tested in two different configuration, as-spun and densified. 
Monofilaments are densified with acetone. 16 hours was waiting for drying to 
avoid the effect of the liquid in the inter-bundle connexions. The different section 
and volumetric density difficulty the comparison between different experiments. 
Therefore, tensile properties are normalised with respect to the mass per unit 
length in the materials, called specific gravity. Consequently, the measurement 
belongs independent of the effective section, ever more in as spun samples.  
Nominal fibre linear density is determined by weighing a known length of fibre. 
The linear density of samples subjected to tensile tests was further refined using 
the vibroscopic method. No substantial discrepancies were observed between 
the two techniques. Results are shown in this work, it is represented by the 
average for more than 20 filaments (figure 3.4). 
 
Figure 3.4. 10 typical stress-strain curve show the reproducibly of the measurements 
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Electrical measurements were performed with an Agilent 34410A 6-1/2 digit 
multimeter. The experimental set-up was built using copper tape electrodes, 
separate 30mm, connecting both electrodes with a CNT fibre, silver paint is 
spreading in the link between the electrode and fibre edge, letting the solvent 
evaporate for approximately two hours. Identical results of electrical resistance 
are obtained using two and four point’s method.
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4 Synthesis: Molecular control 
and catalyst studies 
4.1. Introduction 
Understanding the chemistry of the reaction is the first and most important step 
for controlling the synthesis of macroscopic fibres by direct spinning from floating 
catalyst CVD CNT growth. It is evaluated the importance of the main elements as 
sulphur iron and carbon, as well as its interaction. Furthermore, the reaction 
temperature, higher than 1100ºC, is also critical to reach the long CNT growth 
(>1mm).  
Role of sulphur in the CVD reaction is the responsible for controlling the type of 
tubes in terms of number of layer, allowing to tune the CNT from SWCNT to 
MWCNTs. Changing the previous theories establishing models based on simple 
particle coarsening. Sulphur importance is presented in this chapter. Controlling 
type of CNTs, permit us to produce SWCNT fibre for studying the distribution of 
CNT chiralities, showing the predominance of armchair-metallic SWCNTs probed 
by Raman spectroscopy and electron diffraction pattern.  
It is studied in detail the catalyst structure and composition, defining the position 
in the isothermal section of C-Fe-S ternary diagram and the role of interfacial 
energies. Allowing to explain; the low proportion of active catalyst particles in the 
direct spinning process (<0.1%) and stabilizing the edge of the emerging CNT 
and controlling the carbon diffusion in the iron catalyst particle, respectively. 
Growth model is explained during this chapter, active and inactive catalyst are 
following different route that is analysed in detail. Furthermore, thermodynamic 
studies suggest a Fe FCC core surrounded by a liquid Fe-S shell, when 
temperature exceeded 1000ºC. The results presented here provide clue aspects 
in terms of CNT growth from liquid catalyst. 
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Finally, the presence of impurities in the fibre has been reported, emphasising in 
the iron catalyst particles stick or trapped into the fibre, carbonaceous impurities 
and silicon-based compounds. 
4.2. Description of synthesis and spinning process 
CNTs are synthesised by direct spinning from the gas phase with floating 
catalyst[80]. Precursors are decomposed in the upper part of the reactor. The 
reaction is carried out in hydrogen atmosphere at 1250ºC, using different 
precursor feed rate, carrier hydrogen flow and drawing winding rates. 
Figure 4.1 summarises the direct CNT fibre process showing the aerogel 
formation.  
Initially, precursors are introduced in the upper part of the reactor; ferrocene and 
thiophene as iron and sulphur sources, respectively. Precursor feed rate is mainly 
between 1.5 - 5ml/h. Different carbon source are used in this work, but butanol is 
the most common carbon source. The precursor injection point is situated at ≈ 
300ºC, but the temperature profile rapidly increases up to 1250ºC. At this 
temperature, the different sources have been decomposed; while they are carried 
along by hydrogen flow. It is assumed that atomic collision form clusters of atoms 
which then coarsen into catalyst particle. Through the next step consists in the 
decomposition of the carbon source on the catalyst. Carbon diffusion and 
reconstruction into a graphitic arrangement, the carbon present in the catalytic 
surface forms a CNT 
Millions of CNTs are synthesised simultaneously. Due to van der Waals forces, 
the CNTs are attracted to each other forming an aerogel that has enough 
mechanical stability to be directly drawn out of the reactor as a continuous fibre. 
Hydrogen provides to the reaction the reducing atmosphere and it is also the 
main carrier gas, controlling the residence time and the concentration of the 
reactants along the tube. 
During operation of the process, the fibre is mound on a spool, at rates from 1.5 
until 55m/min, depending on the synthesis conditions.  
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Table 4.1 Process parameters used for producing the continuous a CNT fibres. 
Parameter Butanol Toluene Benzyl-Alcohol 
Carbon source (wt%) 97.7 - 99.1 97.7 – 99.2 97.7 - 99.1 
Ferrocene (wt%)   Fe(C5H5)2 0.8 
Thiophene (wt%) C4H4S 0.1 - 1.5 0.02 - 1.5 0.1 - 1.5 
Furnace Temperature (oC) 1250 
Inlet Temperature (oC) 175 
H2 flow rate (ml/min) 1200-1300 
Solution injection rate (ml/h) 5 1.3 - 2 1.3 - 2 
 
4.3.1. Number of layers and diameter. 
Raman spectroscopy is an ideal techniques for a rapid assessment of the 
composition of CNT samples. Figure 4.2.a presents the normalised raman 
spectra data showing the evolution from SWCNT to MWCNT by varying the 
amount of thiophene, at fixed Fe/C. Inlet plot shows the comparison of the spectra 
in absolute units shows a dramatic drop in the resonance as the number of CNT 
layers increase. 
 
Figure 4.2. Normalised raman spectroscopy data presented the evolution from SW to MW with 
increasing thiophene during CNT synthesis.  
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At low amount of thiophene is spilt G peak into G+ and G- components, and very 
low ID/IG ratio. Increasing sulphur G- signal tends to disappear. 
The upshift of 2D (2G`) band shows another clear evidence in the transition from 
SWCNT to MWCNT for increasing thiophene concentration. This shift is due to 
increase the number of layer in the CNTs, similar to the shift observed in 
graphene sheets[193]. Commercial SWCNT and MWCNT was measured, 
confirming the same range of shift in the 2D peak position (Figure 4.4).  
 
Figure 4.4. Plot of Raman 2D (G`) peak position for samples produced with different amount of 
thiophene precursor. 
Further confirmation is observed changing the carbon source from butanol 
(aliphatic alcohol) to toluene and benzyl-alcohol, which are aromatic compounds. 
In order to compare different carbon sources, sample are synthesised under the 
same parameters, included the thiophene range from 1.5wt% to the minimum 
amount, that enable continuous spinning of a homogenous fibre. This highlights 
the ratio S/C as being the most relevant to control the reaction. 
In the figures 4.5.a-b raman spectra at different amount of thiophene are shown. 
Again, the data shows gradual disappearance of SW features:  RBM peaks, G- 
split, loss of resonance and an upshift in the 2D peak as the thiophene 
concentration increases. The raman shift in low sulphur is higher comparing 
aliphatic carbon with aromatic compounds, which seem to promote bigger 
bundles of SWCNT, this superposition of tubes is tuning the shift to higher values. 
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the array, in our method the proportion is to be around 0.05% as it is explain in 
section 4.4.1. 
The emerging model is that all Fe particles saturated rapidly with C in their 
trajectory through the reactor. Most of them encounter S when their concentration 
of C is already very high, approaching the phase-diagram region that does not 
favour CNT growth because the two immiscible liquids (one s-rich and other c-
rich) are in equilibrium with solid carbon. Therefore, encapsulation of particles is 
more likely than lifting off of the graphitic cap that starts CNT growth. Remnant C 
in the supersaturated particles precipitates upon cooling. 
Following this argument, the very small proportion of active particles would be 
those in which S diffusion occurred at lower C concentrations corresponding to 
the regions of the ternary phase diagram in figure 4.15 where the liquid(s) is (are) 
not in equilibrium with C(S) and therefore the incoming carbon would upon 
saturation of the catalyst particle get extruded to form a CNT. 
 
Figure 4.15: (a) Isothermal section of the Fe-C-S phase diagram at 1400ºC showing the location 
of inactive catalyst particles based on experimentally approximated composition and where active 
catalyst composition and CNT growth are expected.  
Chapter 4 
76 
 
This argument is in agreement with S limiting the diffusion of C in Fe, as observed 
both in CNT growth and in steel literature[104], and is also supported by our 
finding that the ratio S/C plays a far more central role in controlling CNT growth 
than Fe/C. The post-synthesis TEM analysis, by showing the similarity between 
active and inactive particles, highlights the subtle role of sulphur as a promoter, 
which even at small quantities (5 < at.%) plays a key role in controlling CNT 
growth not only by limiting C diffusion but also assisting C reconstruction and 
edge growth. The growth direction in the catalyst particles comes from the 
amount of sulphur in the particle. 
4.4.3. Evidence of sulphur in the CNT fibre 
The first evidence of the incorporation of sulphur in the iron catalyst comes from 
EDS measurements of the fibre. Figures 4.16.a-b present a typical EDS spectra 
confirming the presence of Fe and S in the fibre. Increasing the S in the feedstock, 
ratio S/Fe also increase. Other small peaks could be related to contaminant Al, 
O, Cu, Ca, Cl or Si. 
 
Figure 4.16. (a) EDS spectra showing the presence of sulphur and iron in the sample. (b) Increase 
in S/Fe ratio with increasing content of S precursor during synthesis. 
Additional information about the presence of sulphur and in general the oxidation 
state of the catalyst obtained from XPS measurements. Figure 4.17 shows the 
Fe fingerprint in the XPS spectrum for a 0.2% thiophene fibre. The Fe 2p signal 
is evident, showing Fe peak splitting at 707.1 eV (Fe 2p3/2) and 720.3 eV (Fe 
2p1/2) corresponding to the metallic iron. Increasing sulphur concentration leads 
Synthesis: Molecular control and catalyst studies 
77 
 
to the appearance of two emerging contribution to the spectra at 712 and 725 eV  
(inset) related with Fe-S compounds[197] in the catalyst particles.  
 
Figure 4.17. (a) Iron fingerprints in XPS spectrum for a 0.2 wt% thiophene fibre. (Inlet) 
Comparison between 0.2 wt% and 1 wt% thiophene fibre showing the increment in the peaks 
related with Fe-S compounds. 
Figure 4.18 confirms the presence of sulphur compounds with the appearance of 
S2p peaks at 162.5eV and 169.5eV, related with sulphide and sulphate 
compounds, respectively. The observation of sulphur 2P3/2 fingerprint reveals 
another evidence of the sulphur presence in the catalyst particles .Furthermore, 
it is possible to study the different oxidations states of sulphur. The binding 
energies values of S 2P3/2 are located in function of the oxidation states, 162.1eV 
is related with oxidation state -1 and 168.7eV with oxidation state +6[197]. It is 
worth mentioning the lack of the evidences about the S +0 formation. The 
presence of the two peaks are related with Fe-S compounds and the ratio 
between them change when the amount of sulphur is increased in the synthesis 
of the fibre. Increasing the amount of sulphur leads to formation of sulphate 
formation, oxidation state +6, instead of sulphide, oxidation state -2. This could 
evidence the appearance of two different catalyst population. However, it is worth 
remarking that this analysis was made in the post-spinning particles, at 1250ºC 
these compounds are not stable.  
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Figure 4.18. Sulphur fingerprints in XPS spectrum comparing different amounts of thiophene for 
a 0.2 wt% and 2 wt% thiophene fibre. Showing the increment in the intensity peak ratio between 
sulphate/sulphide, related with Fe-S compounds. 
It is obvious the presence of sulphur in the catalyst and its importance for CNT 
growing. Figure 4.19 presents a detail spectrum of C 1s core level showing a high 
intensity sharp peak at 284.5 eV from sp2 C = C, a small shoulder at 285.7 eV 
related to low amount of sp3 C – C carbon, and broad peak centred at 290.5 eV 
related to π-π* transitions attributed to the interaction between the CNTs in the 
bundles[198]. No changes in the peaks in the region 280-300eV are observed 
with an increasing amount of thiophene precursor. These measurements rule out 
the possibility of S doping by direct incorporation into CNTs and establish that all 
sulphur in the sample is associated with the catalyst. 
 
Figure 4.19. Deconvolution of C-related peaks showing the predominance of SP2 C=C. 
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To summarise, the presence of sulphur in the CNT fibre is observed by EDS and 
XPS measurements, its presence is always associated to iron in catalyst. 
4.4.4. Location of sulphur in catalyst 
In the section 4.4.5, it is outlined the catalyst composition, the conclusion was 
clear, obtaining different catalyst composition and sizes, lead to different CNT 
synthesis. 
Observing the electron micrographs (4.20.a) and its EDS maps (4.20.b), it is 
possible to conclude that active catalyst structure is not homogeneous, the 
amount of sulphur is higher in the CNT growth direction. Analysing several 
particles, which are grown CNTs, are shown the same evidence. On the other 
hand, the inactive catalyst particles are more homogenous or the amount of 
sulphur in the catalyst in negligible, confirming the sulphur role as a growing 
promoter not only being present in the catalyst but also increasing its presence 
in the growth direction. Which is observed without being emphasised in the 
literature[90]. 
Comparing the ratio S/Fe between the growth side of the particles and its 
opposite, in active catalyst particles, is ≈ 3 (4.20.b). Furthermore, in inactive 
catalyst particle the distribution of sulphur is more homogeneous and the ratio 
between the two sides in the particle is ≈ 1. Figure 4.20.c shows the 
representation of the signal from iron and sulphur, iron signal is semi-circular, 
according with the particle shape. However, the sulphur signal is more intense in 
the edges of the catalyst and especially in the growth direction of the CNT. 
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2. Fef/Cf ratio: Through the OEA results, it is possible to extract directly the 
Sf/Cf ratio. Table 4.3 shows the values obtained from the measurements. 
       Table 4.3. Values from OEA analysis.  
Thiophene C (%at.) S (%at.) S/C (%at.) 
0.2 86.96 0.44 5x10-3 
1.5 94.83 0.11 1.2x10-3 
3. Sf/Fef ratio:  EDS measurement provides the information about the ratio 
between S and Fe iron in the fibre. Furthermore, according to XPS, Fe and S are 
only present in the catalyst (Sf / Fef = Sc / Fec). Therefore, it is the overall ratio 
also in the catalyst. With respect to the catalyst, these techniques have thus 
provides the ratio S/Fe, yet, the previous section has demonstrated that the key 
parameter controlling the reaction is the ratio of S/C. Extracted values are in the 
table 4.4.                       
              Table 4.4. Values from EDS analysis. 
% Thiophene Fe (% at.) S (%at.)  S/Fe (%at.) 
0.2 2.05 0.22 0.11 
1.5 0.44 0.07 0.16 
4. Cc/Fec ratio: It is assumed that the carbon of the layers to have diffused in 
the catalyst during CVD and then precipitated either at the point of reaction or 
upon cooling. Thus, the carbon fraction (in wt%) in these particles can be 
estimated from the number of encapsulated layers/particle diameter, which is 
approximated as: 3 Cs=3n ν /rFe = 3a ν /rFe. To calculate the catalyst 
composition, it is necessary to obtain statistic values from HRTEM micrographs 
(example figure 4.21).  
HRTEM analysis gives values of α of 0.2-0.64nm-1, higher than 0.2-0.3nm-1 
reported for catalyst particles produced in low temperature CNT synthesis[199]. 
The mass of carbon in the catalyst is approximately 4nr2 ν. Where ν is the areal 
density of a graphene layer (0.75 x 10-6 kg/m2).  
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Figure 4.21. HRTEM micrographs of catalyst particle encapsulated by a couple of graphitic layers 
The mass of catalyst is approximately 4/3r3Fe. Where ρFe = 7.87g/cm3. The 
fraction of carbon in the catalyst, Cc/( Sc + Fec) ≈ Cc/Fec;  
To sum up the values are obtained in with the techniques represented in the 
Table 4.5 and the values in the Table 4.6.  
Table 4.5. Determination of fibre and catalyst analysis. 
Technique 
Composition in fibre 
 (Fef + Cf + Sf = 1) 
Composition in catalyst 
 (Fec + Cc + Sc = 1) 
TGA Fef / (Cf + Sf) ≈ Fef / Cf  
OEA Sf / Cf  
EDS Sf / Fef = Sc / Fec 
TEM  Cc / Fec 
The composition of two samples is listed in table 4.6, including concentrations in 
the fibre and in the catalyst but clearly the more relevant concentrations are those 
in the catalyst particles, not in the whole fibre.  
Table 4.6. Determination of fibre and catalyst analysis. 
 Fibre composition (at.%) Catalyst composition (at.%) 
Concentration (wt. %) Fe S C Fe S C 
Butanol 99, ferrocene 0.8, 
thiophene 0.2 3.7 0.4 96.1 68.2 5.8 26 
Butanol 97.7, ferrocene 
0.8, thiophene 1.5 0.7 0.1 99.2 63.2 10.8 26 
This require knowing the amount of carbon in the catalyst, which it is possible to 
approximate by measuring the amount of carbon segregated by the catalyst 
particles using HRTEM and from knowledge of the catalyst crystallographic 
phase obtained by synchrotron XRD.  
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4.4.6. Crystal structure analysis.  
Catalyst particle is divided in two main parts:  
1. - Fe-S shell, which is surrounded the catalyst particles and its heterogeneous 
distribution over the surface.  
2. -The iron bulk structure. Which is giving the structural conformation and 
accommodate inside all the carbon particles that are diffused into the catalyst 
particle. 
The evolution of the catalyst during the CVD reaction has been studied by the 
research group by post-mortem examination of the catalyst and by 
thermodynamic calculations performed by collaborator[200]. 
The catalyst particles remain in liquid state at temperature over 1000ºC, during 
CNT growth[200]. Catalyst particles in the range of a few nanometres would 
decrease its melting point due to the Gibbs-Thomson effect [58]. 
Related to the iron bulk catalyst area, figure 4.22.a presents a typical XRD 
pattern, including lines in the critical angles in the range 25-55 nm-1. In particular, 
this pattern was obtained from a catalyst structure of a sample produced with 1.5 
wt% of thiophene, corresponding to MWCNT with 3.25±1.5 layers.  
It is shown an intense reflections from the CNTs and evidence of the (111), (200) 
and (220) reflections from FCC Fe, but interestingly, closer inspection of the 
patterns shows the presence of martensite. In a detailed plot in the range 28-35 
nm-1 (figure 4.22.b) the martensite (101), (110) reflections can now be clearly 
identified and distinguished from other intense contributions from FCC (111), 
CNT (100) and the expected positions for Fe3C (031) (112). The slip of the 
martensite (002) and (200) peaks at 42.5 and 44.05nm-1 (figure 4.22.c). The data 
confirm the absence of BCC Fe or Fe oxide. 
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(002) and (200) are representing reflection from 1.48 and 1.43Å (figure 4.22.c), 
obtaining lattice parameters a = 2.86 and c = 2.96.  Introducing lattice parameters 
in the equation 4.2, it is obtain a value for carbon content (wt% C) equal to 0.77%.  
4.5. Catalyst evolution & the role of interfacial energies during 
CNT growth. 
In the previous sections, it is explained the conditions under CNT is extruded. 
Thus, this section is focused in active catalyst particles, in order to explain the 
catalyst route and the importance of the different elements in CNT growth. 
Due to the reaction conditions, the catalyst is evaluated in post-synthesis stage. 
However, as it is mentioned in section 4.4, there are strong evidences to conclude 
the liquid state of the catalyst particles at the reaction point. Catalyst size is in 
average between 3 and 10 nm and due to Gibbs-Thomson effect the melting point 
decrease significantly[57] [58]. The catalyst composition is calculated, allowing to 
predict the catalyst route from 1250ºC and throughout rapid cooling. Current 
understanding of the reaction is that upon the catalyst particle adopts a core-shell 
structure. Sulphur and other group 16 elements readily diffuse to the surface of 
transition metals with a low enthalpy of migration[8]. 
Cooling from molten state, the first expected transformation is the formation of a 
stable FCC Fe nucleus, upon which S is rejected to the surrounding liquid owing 
to the negligible solubility of S in FCC (< 0.1 at%). As FCC Fe core grows, liquid 
is increasingly enriched with S until an-intermetallic Fe1-xS forms. Although, the 
exact composition of the liquid in unknown, it is S-rich. Core-shell path could be 
confirmed by thermodynamic calculations of phase fraction of solid phases during 
fast cooling (quenching). Using Thermocalc software phase fraction evolution is 
calculated of Fe-9at%S binary mix. Thermocalc calculation were preform by 
Computational alloy design group in IMDEA materials institute.  
Figure 4.23.a shows the thermodynamic path of the liquid around the FCC Fe 
nuclei along the liquidus line highlighted on the Fe-S binary diagram, whereas 
figure 4.23.b displays the corresponding phase fraction (solid line), predicting 
more than 15% fraction of liquid even at temperatures low as 1000ºC. Dashed 
blue and red line are the limits for the phase fraction evolution of the catalyst 
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molecules from the gas phase, having an important role than in methanation 
[202]. The formation of transient C-S bonds would stabilise the edge of a nascent 
CNT and lower interfacial energy between the graphite lattice edge and the Fe-
S-C molten catalyst. However, once a graphitic ring or hemisphere is formed 
around the particle, an interfacial are between the graphite basal plane and the 
catalyst formed. Molten Fe-S-C is known not to wet graphite, even at small 
concentrations of S [203].This rejection of graphitic carbon probably plays an 
important role in the fast extrusion of the CNTs in the direct spinning process of 
the order of mm/s. Moreover, same evidences were found in metallurgy reports, 
growing fibrils of graphite in cast irons[202]. 
In order to control the CNT growth is clearly in a relationship with the catalyst 
diameter and shape. The amount incoming interacting of carbon the catalyst 
particle depends on the catalyst surface and its carbon solubility, following the 
expression: (D2·ᴨ/2)·s. Where D is the diameter of the catalyst and s the solubility. 
At the extrusion side the amount of graphitic carbon produced is related to the 
particle perimeter (D·ᴨ·n), being n the number of layers in the CNT[8].  
Therefore, the increase in number of layers and tube size can be partially 
explained by the increase in size. As the amount of available sulphur in the 
reactor is increased the probability of them coalescing increases as well and so 
does their size[194]. As it is shown in the figure 4.24 the trend supports the view 
that inactive particles, showing a similar diameter increase and therefore 
producing CNTs with larger inner diameters and higher number of layers. 
 
Figure 4.24. Plots of the effect of increasing sulphur precursor on catalyst size. 
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loss over the time in this conditions. It is noteworthy that Al2O3 does not react with 
H2[118]. Furthermore the presence of carbon can carry on the following reaction. 
𝑆𝑖𝑂(𝑔) +  2𝐶(𝑔) → 𝑆𝑖𝐶(𝑠) +  𝐶𝑂(𝑔) [206] 
SiO is difficult to synthesise and it is unstable under ambient conditions. However 
it was found for example at the interface between charcoal and silica when SiO2 
is reduced[45]. SiO can be quenched from the gaseous phase[207]. 
The role of silicon oxides in chemical reaction is mainly using for supporting 
heterogeneous catalyst reaction. Furthermore, silicon carbides are also catalyst 
support. It is possible to produce SiC under the CNT growth conditions from the 
SiO2 and the concentrated carbon presents in reduced atmosphere at 
1250ºC[208].  
Final evidence of the importance of silicon was experimental. Same parameters 
was utilised to reproduce the typical reaction condition with the exception of 
changing the tube from mullite (SiO2-Al2O3) to alumina (Al2O3). Observing the 
absence of a continuous fibre production, even modifying the parameters as 
hydrogen rate, precursors feed rate, concentration of reactants or carbon 
sources. 
4.7. Current limitations of the growth model 
The synthesis of CNT fibres are performed by direct spinning from the gas-phase 
(aerogel) during the CNT growth in hydrogen atmosphere at 1250ºC. Gas-phase 
is controlled not only by the injection feed rate and hydrogen flow but also the 
precursors. Modifying these parameters is possible to change the type of CNTs, 
density and shape in the aerogel. However, due to the high temperature, it is 
difficult to make experiments in the point of the reaction experiment, which are 
measured in post-synthesis conditions.  
4.7.1. Kinetic of decompositions 
The different decomposition temperature is critical for the reaction understanding, 
providing the location information; where iron, sulphur and carbon become 
available for producing CNTs. Temperature profile is important because it is going 
to determine, where the precursors are decomposed.  
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However, there is a significant challenge to analyse, as determine the 
decomposition route for the reactants in presence of metal catalyst, which can 
determine important synthesis information. CVD Reactor has a gradient of 
temperature, thus in this specific location the reactants are injected and they are 
decomposed at different positions. Temperature profile is determined under the 
main synthesis condition. Figure 4.29 shows the temperature profile inside of the 
furnace. Slope is sharp until 1100ºC and smoother until 1250ºC. 
 
Figure 4.29. Temperature profile in the reactor 0mm represents the top; 1000 mm corresponds to the exit. 
Ferrocene decomposition route starts at ≈ 400ºC[209] according to the following 
reaction: 
𝐹𝑒 ( 𝐶5𝐻5)2 → 𝐹𝑒 + 2( 𝐶5𝐻5)  [210] 
Iron atoms after 400ºC are available to interact between them producing 
nanoparticles. Thiophene starts the decomposition ≈ 850ºC (in absence of Fe), 
assuming the sulphur becomes available. Firstly the reaction is given more than 
15 products in different amounts and is practically complete at 1050ºC[211].  
Due to the large numbers of carbon-containing molecules. It is possible to use 
carbon source as a variable, in terms of decomposition temperature in order to 
understand how the influence of the availability position into the CNT growth is. 
Aliphatic alcohols start to decompose at 400-500ºC and finish around 
800ºC[93][94], carbon availability is between iron and sulphur availability. 
However, aromatic compounds break the aromatic ring over 950ºC[95][212], 
which means that ferrocene and thiophene are already decomposed. Figures 
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reactants, temperature profile, reaction atmosphere and role of the secondary 
elements. The following section describes new experiments or reactor design, to 
obtain new results and evidences in the context of CNT reaction. 
To understand better the decomposition route of the reactant under synthesis 
parameters, it is possible to extract a ceramic pipe directly from the upper part of 
the reactor, where the reaction is ongoing. The stream components will be 
measured by gas chromatography (GC) almost in-situ. Nevertheless, the gas 
could be react along the ceramic pipe. This equipment would provide more 
information to identify the compounds, which are presented in the reactor along 
the reactor. Allowing to determine the decomposition route from the different 
precursors. Some apparatus are already designed[214], providing some 
information from the reaction. However, the gas recombination from the furnace 
to the analyser, it is a difficult challenge that it is not already solved. 
The decomposition sequence is critical in order to obtain active catalyst. Ternary 
diagram recommended introducing the precursors, which leads to Fe-S-C 
sequence. All the precursors are introduced by the injection system in the upper 
part simultaneously. Designing a new configuration, carbon source would be 
injected, thought an independent inlet stream, after the interaction between iron 
and sulphur, avoiding carbon saturation into the catalyst before sulphur reach to 
the surface.  
Figure 4.32 shows the schematic representation of the injection system. Fe and 
S are introduced though a sublimation system, independently from carbon. Which 
is injected by a ceramic pipe in the reaction area, after Fe-S interaction. Outlet 
stream is connected with a CG equipment for analysing the gases produced 
during the decomposition stage.  
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4.8.  Summary 
In this chapter, it is studied the reaction from the gas-phase. Representing the 
direct CNT fibre process showing the aerogel formation and the shape of the 
fibre.  
It is possible to synthesised continuous CNT fibres on a kilometre scale with 
control of the CNTs in terms on number of layers from SWCNT to MWCNT by 
adjusting the concentration of S precursor in the reaction. At low S concentration 
CNTs are predominantly SW of approximately 1 nm diameter. Increasing S 
makes catalyst particles larger and increases inner diameter and number of 
layers of CNTs, producing at medium sulphur DWCNT and collapsed CNTs and 
at higher S, MWCNTs. This transition from SW to MW is clearly seen in Raman, 
particularly as an upshift in the 2D band due to the increase in number of adjacent 
layers, similar to observation in graphene. Sulphur effect is independent of the 
choice of C precursor (Butanol, Toluene or Benzyl alcohol) used for the CVD 
growth of CNTs.  
Analysing SWCNTs fibre is found the inherent predominance of metallic and high 
chiral angle CNTs. It is observed in the G band, with a Breit-Wigner-Fano line 
shape with an asymmetric factor q with values between -0.14 and -0.4, which 
correspond with Metallic-SWCNTs values. Thought XRD, 390 CNTs were 
measured, shows that the 80% of the CNTs present chiral angles between 20º 
and 30º. 
Through a combination of TGA, XPS, OEA and HRTEM, it is  estimated the 
compositions of catalyst particles and found that inactive particles, which 
represent over 99.9% of those produced in the reactor and aggregated in the 
fibre, are encapsulated due to their high C content. 
Encapsulation occurs because at high C contents the catalyst is in equilibrium 
with solid C, i.e. graphite. In contrast, active particles have an earlier arrival of 
sulphur that limits carbon solubility. Upon C arrival and saturation the catalyst 
particle is not in thermodynamic equilibrium with solid C, thus, instead of forming 
an encapsulating layer C gets extruded as a CNT and the particle remains active.  
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Liquid catalyst particles are synthesised the CNTs and post-spinning catalyst 
particles are analysed. Catalyst structure suggests a Fe FCC core surrounded by 
a liquid Fe-S shell, according to thermodynamic calculations. The presence of 
sulphur in the catalyst is critical. Controlling the carbon diffusion in the catalyst, 
stabilized the edge of the nascent CNT and rejected the carbon from the catalyst 
forming the graphitic layers. 
At higher S concentrations the amount of active catalyst in the gas-phase 
increases, enlarging particles through collisions and coalescence. As a result, the 
inner and outer diameter and number of layers of the CNTs increase too. The 
increase in CNT number of layers an inner diameter is responsible for a higher 
fibre linear density and reaction yields. 
In this process, it is possible to control the availability of the elements throw the 
decomposition temperature of the precursors. Butanol started the decomposition 
route at 400ºC before Fe (450ºC) and S (850ºC) elements, but phenyl group 
present in toluene, it starts to decompose over 950ºC. Growth temperature 
controls the range of CNT lengths in the fibre, directly related with the properties. 
Several experiment are suggested in order to obtain more information about 
kinetic and secondary reactants. 
Finally, the combination of reducing atmosphere and high temperature (1250ºC) 
provide the perfect condition to the reaction between silicon oxide and hydrogen, 
forming SiO, SiC or silicon. Silicon effect is critical for the reaction, without Si was 
not possible to obtain a continuous fibre.
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5 Fibre orientation: Strong CNT 
fibres by drawing inspiration 
from polymer fibre spinning 
5.1. Introduction  
In this chapter, it is presented a method to spin highly oriented continuous fibre 
of adjustable CNT type, with mechanical properties in the high-performance 
range. By lowering the concentration of nanotubes in the gas phase, through 
either reduction of the precursor feed rate or increase in carrier gas flow rate, the 
density of entanglements is reduced and the CNT aerogel can thus be drown up 
to 17 draw ratio (times more than the carrier gas speed) and wound at fast rates 
over 50m/min.  
Increasing CNT bundle orientation is achieved without affecting the synthesis 
process, as demonstrated by Raman spectroscopy and confirmed by TEM 
micrographs. This fact implies that the parameters controlling composition in 
terms CNT diameter and number of layers, are decoupled from those fixing CNT 
orientation.  
Applying these principles then, high-performance fibre is produced under dilute 
conditions and high draw ratios with mechanical properties in the range of 60 
GPa/SG and 1.1GPa/SG in tensile modulus and strength, respectively. Degree 
of orientation is demonstrated by wide and small angle X-ray scattering. As it was 
discussed in the chapter 4, controlling S/C ratio is possible to tune the CNT from 
single to multiple layers. Properties of CNT fibres consisting in SW and MWCNT 
was measured, which surprisingly have very similar tensile properties. These 
results demonstrated a route to control CNT assembly and reinforce their 
potential as a new high-performance fibre. 
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5.2. Assembly stage in the direct spinning method. 
In the reaction area, the CNTs are assembled into a fibre through creating links, 
crystal between tubes and entanglements between bundles. This fibre is then 
drawn through and out of the reactor tube and continuously spun onto a winder. 
Two effects occurs during the action of drawing the aerogel. Firstly, fibre densifies 
from aerogel, obtaining a denser fibre and orients the CNTs and its bundles to 
each other and preferentially parallel to the fibre axis. The aerogel is drawn 
several times faster (draw ratio ≈ 17 ≈ 55 m/min) than the carrier gas velocity, 
typically ≈ 3 m/min. Consequently, when pulling the aerogel out of the reaction it 
is dragged against the gas molecules. This leads to frictional forces that orient 
the CNTs parallel to the drawn direction, i.e. to the fibre axis. 
The challenge is in defining a draw ratio since the process require a minimum 
drawn to extract the material. In this work, it is assume that DR is 1 correspond 
to the gas velocity along the reactor. Since drawing is expected to orient the 
CNTs, it is them interest to the maximum draw ratio for different synthesis 
conditions. 
The maximum draw ratio (DR) is a good parameter of how much an aerogel can 
be drawn during the spinning process and thus a good figure of merit of 
orientability when exploring the spinning parameter space. Figure 5.1 shows a 
3D plot of DR, against precursors feed rate and the H2 gas flow. Varying the 
amount of thiophene, it does not affect tendency and converges to higher winding 
rates by decreasing the feed rate and/or high H2 flow rate. It is worth mentioning 
that the window of orientable fibres shown belongs to the parameter under which 
is possible to spin kilometres of continuous CNT fibre can be spun. However the 
intrinsic windows just taking into account the aerogel properties are probably 
bigger once the specific details of the spinning reactor design are factored out. 
There was injection limitation with the equipment below 1.5ml/h, whereas 
increasing the hydrogen flow rate created difficulties for extracting the wide 
aerogel continuously CNT fibre from the reactor. 
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Figure 5.1. (a) Dependence of the maximum winding rate with precursor feed rate an hydrogen 
flow, showing that faster rates are obtained in dilute conditions when the concentration of CNTs 
in the gas phase is lower and therefore the possibility to draw the aerogel and orient the CNTs is 
higher. (a) Surface plot of parameters space for different aerogel compositions. Constant 
hydrogen flow (b) and constant feed rate (c) section of parameter space showing the equivalent 
role of these two parameters in diluting the aerogel. 
Figure 5.1.b and 5.1.c represent a section of the 3D plot at constant hydrogen 
flow and constant feed rate, respectively. Keeping one of the factor constant, it is 
possible to evaluate better the degree of influence over the aerogel. Both 
parameters play equivalent role in providing dilute conditions in the reactor and 
leading to higher values of WMax. Consequently, whether the CNT aerogel is more 
diluted, the concentration of CNTs in the aerogel is also low, leading to lower 
density of entanglements. Allowing to spin faster the macroscopic fibre. In the 
figure 5.1.a, it was included a new axis Draw ratio, for the corresponding winding 
rate maxima.  
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Furthermore, it is worth mentioning that the reaction yield is in similar ranges in 
terms of carbon conversion: 
The conversion rate is calculated as %𝑐𝑜𝑛𝑣 =  
𝑚𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑖𝑏𝑒𝑟
𝑚𝑐𝑎𝑟𝑏𝑜𝑛  𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑⁄  
The conversion is not significantly affected and remained at around 8.5%. 
Variations between samples were below 10%.  
It was spinning stable CNT fibre during a certain time period. The sample was 
weight and compared with the amount of carbon introduced in the injection. Table 
5.1 below lists the fibre mass obtained by thermogravimetric analysis technique 
and the mass of precursors injected. Comparing the results obtained synthesising 
stretchable and non-stretchable fibre. 
Table 5.1 Carbon and catalyst input in precursors and in the CNT fibre. 
 Carbon injected Fibre mass 
 5ml/h 2ml/h 5ml/h 2ml/h 
Carbon (g) 2.64 1.06 0.244 0.087 
Catalyst ( Fe+S ) (g) 0.033 0.0013 0.01 0.004 
% carbon conversion   9.2% 8.2% 
5.3. Entanglements in aerogel fibre spinning. 
Figure 5.5 shows the scheme of the process, representing the two different 
conditions. Concentrated aerogel can only be spun from the reactor but due to 
the entanglements, it is not possible to spin over DR 2.5, precluding the 
orientation. On the other side, one enable the orientation due to reduction of 
entanglements, increasing the spinning speed up to DR 17.5. 
Chapter 5. 
106 
 
 
Figure 5.5. (a) Schematic representation of the direct CNT fibre spinning process showing the 
effect of aerogel dilution on the orientability of the final fibres. SEM micrographs of (b) non-
oriented and (c) oriented fibres. 
Due to the dilution of the aerogel, the entanglements per CNT were reduced. The 
possibility to draw faster a more dilute CNT aerogel occurs because of the 
reduction in the number of CNT entanglements. This is supported by the fact that 
although the SWCNT material (0.2wt% thiophene) has a mass linear density that 
is about 5 times lower than the MWCNTs, i.e. that the SWCNT aerogel is roughly 
5 times less dense than the MWCNT aerogel, both show very similar trends in 
figure.5.1. 
The implication is that maximum drawing rate does not scale with the density of 
the material in the gas phase, but with the numbers of particles in the gas phase. 
Thus, the dilution through adjustment of feed rate or hydrogen flow rate 
represents a reduction in the number of CNT contacts points in the gas phase. 
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The window for drawing, then represents conditions under which the aerogel has 
sufficient CNT association to withstand the frictional stresses associated with 
dragging it against the gas, but few enough to enable CNT rearrangement during 
the process. 
The mechanism proposed is inspired to polymer fibre spinning, especially close 
to the case of polyethylene (PE). Previous studies with PE fibre spinning from the 
melt or cold/hot drawing produced fibres with mechanical properties around 1GPa 
-70GPa for tensile strength and modulus respectively. These values are sharply 
lower than the expectation created by the individual PE crystal measurements. 
Pennings ground breaking work synthesized a ultra-high molecular weight PE 
fibre spectra and Dyneema by dilute the solutions[216], increasing substantively 
the mechanical properties[217]. It was possible to reduce the number of 
entanglements in the gel fibre, decreasing the concentration of polymer in paraffin 
oil. Less entanglements lead to higher drawing ratio to produce more degree of 
orientation and crystallinity. Improving the mechanical properties until 6GPa -
160GPa for tensile strength and modulus respectively[218].  
Although, there are different length between the polymer chains and the CNTs ( 
around 10 Å[219] compared to 0.1-1mm), the comparison of gel and aerogel 
spinning follows the same principle of reducing association of building blocks by 
decreasing the concentration in the reaction, allowing to the CNTs in the fibre be 
rearrangement and assembly into a more oriented structure upon drawing. 
5.4. Orientation and properties 
The expected in the degree of orientation upon faster drawing of the CNT fibre is 
confirmed by SAXS/WAXS, as shown in the SAXS patterns in figure 5.6.a from 
fibres produced under dilute conditions and spun at DR = 0.47 and DR = 12.6, 
respectively. SAXS reflection in the equator reflect the alignment of CNT bundles 
parallel to the fibre axis, with the FWHM from azimuthal integration decreasing 
from 53 to 25 (figure 5.6.b), confirming the bundle orientation. This is a first 
approximation related to the XRD interpretation. Along the chapter 6, a detail 
study of the fibre structure is presented. 
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Figure 5.7. FWHM of the azimuthal profile measure from sample with different number of 
filaments 10-100 and 5000, spinning at different draw ratio. 
Due to the size of the sample the orientation distribution might be significantly 
broadened by fibre misalignment and thus give an overestimates of the FWHM 
compared with an individual filament. Further confirmation about the orientation 
is presented in the chapter 6. 
A brief summary from conclusions extracted along the chapter 6, which is useful 
in order to interpret mechanical properties, are the following: 
- Volumetric density increases with draw ratio. However, densification 
process affects dramatically to volumetric density but it is negligible in 
terms of mechanical properties. 
- Increasing draw ratio leads to more oriented bundle and CNTs and the 
pores are more elongated. 
Figure 5.8 shows two typical stress/strain curves from high and low oriented 
CNT fibre. Indicating the highlights that can be extracted from the curves 
(Young’s modulus, specific tensile strength, toughness and strain) for better 
understanding of the results. 
Chapter 5. 
110 
 
 
Figure 5.8. Strain-stress curves for highly and poorly oriented CNT fibres. 
Figure 5.9.a shows the young´s modulus and toughness against draw ratio. 
Figure 5.9.b are shown the maximum specific stress and strain of densified single 
filaments spun at different draw ratios from 0.47 to 15.8.  
Increasing the draw ratio indicates that young´s modulus and maximum specific 
stress increase significantly. Young´s modulus goes from 3 to over 60 GPa/SG 
and maximum specific stress from 0.2 until 1.1 N/TEX. These effects are clearly 
related to the bundle orientation along the fibre. The increase of the alignment of 
the bundle leads to more load paths participating, effectively along the direction 
of the load applied. 
Strain reduction from 20% until 8% is an expected consequence of increasing the 
orientation. It is worth mentioning that the maximum draw ratio for this specific 
aerogel is 17.3 and the best properties are achieved at the 75% of the maximum 
draw ratio (12.6). Increasing draw ratio over a limit leads to decrease the density 
of links between CNTs in the bundles, worsening their properties. 
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To summarise, toughness is dominated by the bundle packing and CNTs 
orientation and the number of links are created during the reaction stage. Even 
after densification, it is not possible to affect this value decreasing the volume in 
two orders of magnitude. Thus, the reaction stage modifications or increasing the 
alignment are the options for changing dramatically the mechanical properties of 
the material.  
Furthermore, mechanical properties are evaluated depending on the type of CNT 
in terms of number of the layers, showing that the dependence is secondary. 
Figure 5.10 present a typical strain-stress curves from oriented and non-oriented 
fibre made of SWCNT and MWCNT. 
 
Figure 5.10. Strain-stress curves for highly and poorly oriented CNT fibres made of SWCNTs or 
MWCNTs, showing that the degree of orientation dominates over composition in establishing the 
final mechanical of the fibre. 
Similarly, it is possible to study the effect of CNT type on tensile properties.  
Preliminary results have shown small dependence on number of CNT layers in 
the range (1-5). Oriented fibres have specific tensile strength around 1.1 GPa/SG 
and modulus close to 60 GPa. However, non-oriented fibre have specific tensile 
strength around 0.3-0.5 GPa/SG and modulus between 5 to 20 GPa. As might be 
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expected, the strain increases also from 10% to 20%. Average results are shown 
in the table 5.2. 
Table 5.2. Table with average tensile properties of CNT fibre produced under different spinning 
conditions. 
Spinning conditions Specific tensile strength (GPa/SG or N/TEX) 
Specific tensile modulus 
(GPa/SG or N/TEX) 
Oriented (MWCNT) 1.1 62 
Non-oriented (MWCNT) 0.29 6.1 
Oriented (SWCNT) 0.85 37.4 
Non-oriented (SWCNT) 0.47 15.5 
These results present the importance of the microstructure in the CNT fibre, in 
order to obtain high properties at macroscopic scale. Chapter 6 shows a deeper 
studies in the fibre structure from the interaction between tube until between 
fibril[158], showing the potential of high-performance mechanical and electrical 
properties in CNT fibres. Which are established early in the pre-assembly in the 
aerogel (gas phase). 
5.5. Summary 
It was demonstrated in this chapter that direct spinning process the association 
of CNTs in the gas-phase is critical in determining the possibility to draw the CNT 
aerogel and thus produce oriented CNT fibres. There are two possibilities, which 
allows to spin under diluted conditions, obtaining thought low feed rate of 
precursors or increasing high carrier gas flow rate. Under dilute conditions the 
fibre can be taken from the aerogel and it is pulled against the gas in the reactor 
up to 17 draw ratio and due to the friction against the carrier gas. It is possible to 
align the CNTs preferentially parallel to each other and to the fibre axis. 
Decreasing the CNT concentration leads to have less entanglements so as to 
allow the rearrangement of CNTs, yet enough of them to withstand drawing. 
Direct spinning process has similarities to wet spinning of high performance 
polymer fibres, particularly polyethylene, where is critical the density of 
entanglements in the solution and the properties of the gel fibre are seen as key 
stages of the spinning process. 
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It is very important to remark the importance of separating the orientation effect 
from the CNT composition (in terms of type of tubes). Through raman 
spectroscopy measurements, it is shown that the dilution of CNT in the aerogel 
does not affect the type of the tube, controlling as it was discussed in the chapter 
4. Decoupling of synthesis of building block from their assembly. Consequently, 
it is possible to produced oriented or non-oriented fibre in the range of SWCNTs 
to MWCNTs. 
Though the orientation, it is possible to tune the mechanical properties of the 
fibre. Oriented over non-oriented fibres increases modulus and tensile strength 
from 4 to 62 GPa and from 0.2 to 1.1 GPa, respectively. However the strain values 
decrease from 20% until 10%.  The effect of the type of CNT (SW or MWCNT) is 
negligible compared to the orientation. Accurate evaluation of the role of outer 
CNT layers in inter-tube stress transfer, and in general, establishing a quantitative 
relation between draw ratio, nanotube alignment and mechanical performance, 
requires precise measurements of orientation on individual CNT fibre filaments 
using synchrotron radiation. This effect will be the further discuss in the chapter 
6. 
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6 Fibre structure 
6.1. Introduction 
A CNT fibre is composed of a millions of individual CNT building blocks, forming 
a complex hierarchical structure, comprising filaments on different length scales, 
and preferentially oriented parallel to each other along the fibre axis. CNT fibre 
has an excellent combination of properties. Mechanical properties similar as 
Kevlar and electrical conductivity reached until 3.5x105 S/m. Such combination of 
properties derives from their unusual structure. They have properties typical of a 
solid monolithic material, such as high strength and stiffness, but these coexist 
with a large porosity, similar to that of an activated carbon. In terms of transport, 
they can also be treated as network of conductive elements. The previous chapter 
introduced evidences that the degree of orientation can be adjusted during the 
drawing stage of fibre spinning.  
CNT fibre is a hierarchical structure mainly divided in three level. Every level 
correspond with an architecture at different scales; carbon nanotube, bundles of 
CNT and filaments. Figure 6.1 summarises the different levels in the CNT fibre. 
CNTs are the first level. There are one dimension structures, the aspect ratios 
along the axis as on the order of 105 -106. The differences between the tubes are 
several; the number of the layers from SW to MW, affecting to the diameter; the 
chirality of the tubes defined by the direction of rolling (zig-zag - chiral and 
armchair) and the ratio between number of layers / diameter promoted the self-
collapse. The CNT diameters are in the range from 0.9 nm to 30nm. 
Bundles are the second level, several parallel CNTs are stacked forming bigger 
architectures. CNTs are connected between crystal or entanglements but not 
perfectly stack along the fibre axis, promoting elongated nano-porous between 
the CNTs. The dimension of bundles are in the range of 5nm to 200nm. 
Finally, filament is the third level, bundles are entangled forming a microporous 
structure. Several filaments create ropes or cables. 
Control of the different fibre levels lead to synthesised the best CNT fibre for each 
individual application. 
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Figure 6.6. Pore size distribution calculated by BJH method at different draw ratio. 
6.2.3. Fractal structure though gas-adsorption 
Based on adsorption isotherms, it is possible to calculate surface fractal 
dimension. Which describes the geometry of the surface and its periodicity at 
different scales. Thus, it can be determined through gas adsorption isotherms on 
the surface of porous materials.  Fractal structure is formulated by the following 
equation: 
𝑛 = 𝐶 . 𝑎−𝐷𝑠         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛(6.1) 
Where, the number n is the number of molecules of size a over a range of lengths, 
which is covering the surface of the fractal structure with a monolayer; C is a 
constant and Ds is the surface fractal dimension. Ds =3 represent an irregular 
surface. Thus, Ds = 2 is related to the smooth surface[220]. 
A fractal dimension can be determined from adsorption isotherms using modified 
Frenkel-Halsey-Hill (FHH) theory, according to the equation[221]. 
ln(𝑉 𝑉m⁄ ) = Cte + (𝐷FHH − 3)[ln (ln (𝑃0 𝑃⁄ ))]       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6.2) 
Where V is the volume of adsorbed gas at the relative pressure of P/P0, Vm the 
volume of monolayer coverage. Figure 6.7 shows a representative plot of 
ln(𝑉 𝑉m⁄ ) against  ln(ln (𝑃0 𝑃⁄ )) of a CNT fibre. It is fairly linear over the entire 
adsorption range, although with two distinct regimes.  
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The first one (regime I) is in the range -0.21 ≤ ln(ln (𝑃0 𝑃⁄ )) ≤ 0.3 and 
corresponds to the Langmuir monolayer coverage of the CNTs by adsorbent gas 
molecules. The second (regime II) below ln(ln (𝑃0 𝑃⁄ )) ≈ - 0.21 corresponds to 
multilayer adsorption capillary densification. Only the monolayer coverage 
section of the adsorption isotherm provides accurate values for the dimensionality 
of the surface.  
Taking the slope in this regime, the resulting surface fractal dimension comes out 
as 2.55. It is in agreement with the values reported by gas adsorption 2.49-
2.53[222] [223] and the results by SAXS. The value of Ds of  2.5 - 2.6 obtained is 
comparable to those reported for CNT membranes studied by SEM (2.43-
2.86)[148], gas-adsorption alone (≈2.6)[225] and dynamic light scattering (2.24-
2.58)[226]. 
 
Figure 6.7. Fractal dimension analysis of CNT fibres. Plot of nitrogen adsorption isotherm 
showing the linear best-fit at regime where Langmuir monolayer adsorptions (Insert schematics) 
are dominant before the capillary densification. 
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equatorial component of SAXS, the fibre streak, extends all the way up to the 
WAXS region. To assist in the interpretation of WAXS/SAXS results, fibre 
produced at different draw ratio and therefore with different degree of orientation, 
are analysed. 
6.3.1. SAXS: Fractal structure and bundle interaction 
The sample, consists of 100 filaments, is oriented vertically. The oblong shape of 
the pattern with stronger equatorial reflections, is due to the preferential alignment 
of CNTs in the fibre axis. The interpretation of SAXS data for diffuse systems is 
a challenge, and when they are anisotropic this become even more complex. 
Figure 6.9 presents a plot of SAXS scattering intensity against log q, obtained 
from 360º azimuthal integration. The graph shows predominantly a smooth drop 
in intensity. In the Porod region towards higher q values (q = 0.2 – 0.9 nm-1, d-
spacing about 7 to 30 nm) the power law 𝐼(𝑞) ∝ 𝑞−𝑋 gives a slope of X = 3.4. 
Materials with a uniform smooth surface are characterized by Porod slopes of 4, 
whereas values of X < 4 are typical of porous media, such as particle aggregates, 
colloidal systems, activated carbons and porous ceramics [224], which are better 
described as fractal structures.  For 3 < X < 4, as it is the case for CNT fibres, the 
material corresponds to a surface fractal, instead of a mass fractal for which X is 
< 3). For a surface fractal 𝐼(𝑞) ∝ 𝑞−(6−𝐷𝑠) and thus the surface fractal dimension, 
Ds is 2.59 [146]. This ignore sample anisotropy. 
 
Figure 6.9. Fractal dimension analysis of CNT fibres. Plot of SAXS intensity against scattering 
vector. Insert (SEM image) is used for visual guide.  
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It is also in the range of values for activated carbon (2.8-3)[227] studied by the 
same techniques, nuclear graphite measured by small angle neutron scattering 
(2.8)[228]. 
The results in the figure 6.10 correspond to fibre made up of MWCNTs. Fibres of 
predominant SWCNTs produced by reducing the concentration of sulphur 
promotor obtain values of Ds = 2.8 from 360º SAXS integration. The diameter and 
number of layers of CNT determine their flexural rigidity and thus influence their 
ability to bend and reshape to maximise contact with adjacent tube, producing 
bigger bundles and increase the Porod slope. 
It is then of interest to analyse how Ds is affected by the degree of CNT 
orientation. Thus, synchrotron SAXS measurements performed on a 
multifilament samples produced spinning at different draw ratio. 
Different integration are performed in the SAXS pattern, equatorial, median and 
360º, in order to obtain a complete information related with the changes in the 
pattern intensity; dash blue lines indicate the integration area. In figure 6.10 
fractal dimensions are plotted against draw ratio, converging towards value of 
2.55-2.6 and remaining constant with draw ratio. Nevertheless, Equatorial and 
meridian fractal surface obtain different values 2.75 and 2.45, respectively. This 
indicates that fibres are rougher radially than longitudinally. 
 
Figure 6.10. Plot of fractal dimension against draw ratio for equatorial, meridian and 360º. Result 
suggests that Porod slope remains constant with bundle alignment. 
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Anisotropic pore structure 
Further information about the pore structure can be extracted from SAXS data. 
In this work is assumed that the system can be treated as two phases separated 
by a sharp interface, with an arrangement similar to that is shown in figure 6.11.  
All the values are calculated through the following mathematical equations;  
The average lateral size of pore can be calculated from the Porod chord length, 
lP, and the porosity, P:   〈𝑙𝑝𝑜𝑟𝑒𝑠〉 =
𝑙𝑃
1−𝑃
     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6.3)       
The Porod chord length is given by  𝑙𝑃 =
𝑄
𝐾𝑃
    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6.4) 
Where Q is the invariant:  𝑄 = ∫ 𝑞2
∞
0
𝐼(𝑞)𝑑𝑞     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6.5)  
KP is the Porod constant:   𝐾𝑃 = lim
𝑞→∞
𝑞−4𝐼(𝑞)   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6.6)     
The length of scattering elements in the longitudinal fibre direction, L3, can be 
obtained from intercept slope of the linear plot of q x Bobs against q. 
𝐵𝑜𝑏𝑠 =
2𝜋
𝐿3
+ 𝑞𝐵𝜙      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6.7)    
Bϕ  is the orientation distribution. This equation can be applied when the azimuthal 
profiles can be fitted by Lorentzians. The pore structure drawn in figure 6.11a, it 
can be described by parameters, L3, Lp and Bφ 
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? Draw ratio 
Parameters 0.47 3.15 6.3 9.5 12.6 
Orientation Distribution 33.2 18.3 18.3 17.2 17.9 
 Bφ(degree) 
Average lateral size of the pore 20.3 17.6 17.3 13.8 13.1 
 Lp(nm) 
Average length of the pore 159 164 210 227 221 
 L3(nm) 
Inter-bundle elongation ratio 7.8 9.3 12.1 16.4 16.9 
L3/Lp 
BET 258 - 256 - 265 (m2/g) 
BJH 61 & 44 - - - 56 & 33 (Range (nm) & FWHM) 
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Figure 6.14. FWHM of the azimuthal profile at different distance from q = 0.07 to 18 nm-1, related  
to SAXS and WAXS patterns. 
The degree of orientation is almost constant at different scales: between CNTs 
and bundles. This data evidences the link between SAXS and WAXS patterns in 
the interpretation of the CNT fibre. E.g. Evaluation of this SAXS region, together 
with the azimuthal integration 002 reflection in WAXS pattern, could provide 
structural information from the fibre. Nevertheless, because stress and charge 
transfer between CNTs occurs over distance below 1 nm, it is of interest to inspect 
more closely to WAXS. 
6.3.2. WAXS: Orientation, packing and crystal size 
Figure 6.15.a shows a typical 2D WAXS pattern for a multifilament sample of CNT 
fibre. The pattern is divided due to the detector limitations to obtain whole 
information. Figure 6.15.b shows the fibre in the direction related to the pattern. 
White dash lines are represented the two possible integration direction (figure 
6.15.c). 
Integrating along q, it is possible to extract CNT crystal sizes (002); (100); (110) 
and packing of the CNTs in the bundle. Thus, azimuthal integration permits to 
complete the information (together with azimuthal integration in SAXS) about 
orientation of the CNTs along the fibre. Figure 6.15.d shows the position of the 
CNT crystal reflections. Which will be further evaluated along this section. 
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Azimuthal Angle (002) 35.1 21 21 19.3 18.3 
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intensity in order to provide trustable information. (110) reflection is commonly 
used for analysing isolated CNTs by electron diffraction due to it is possible to 
extract the chirality of the tube[85], directly related with optical and electrical 
properties [230]. 
However, bundles have several connections between CNTs, creating junctions 
analogous to crystals. Especially, collapse CNTs, due to the less curvature, 
produce better connexions between the CNTs.  
This structure is observed frequently in the bundles. TEM micrographs shows two 
different bundle from different points of view (figure 6.19.a-b). First micrograph 
shows the lateral part of the bundle, observing the graphitic layers stacked to 
each other. The distances between layers correspond with approximately 
turbostratic distance 0.345nm and view from above, finding Moiré patterns, which 
is created when two layers are displaced or rotated, separated by a small 
distance. Figure 6.19.c shows the deconvolution of the 110 peak. 
(110) crystal sizes are plotted in figure 6.19.d at different draw ratios in order to 
observe the effect of the CNT orientation in the bundle structure. Radial 
integration in equatorial and meridian direction are analysed. The changes in the 
dimensions are minimum. The dimensions are between 4 and 5 nm in both 
directions. Nevertheless, small effect can be observed, increasing the draw ration 
goes to increase the difference between the two crystal dimensions. 
Consequently, the crystal is more extended along the fibre axis coming from the 
CNT rearrangement during the CNT orientation.  
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Figure 6.20. Dependence of fibre volumetric density on the draw ratio. 
Overall, CNT fibre has a predominantly mesoscale distribution and it is possible 
to tune the fibre structure in terms of pore size and shape distribution. Modifying 
draw ratio, CNT alignment is increased. Although the increase in CNT alignment 
is expected to improve their packing (volumetric density) and thus reduce some 
of the porosity, specific surface area is not substantially affected.  
6.4. Effect of densification in the CNT structure. 
In this chapter, it is described the importance of the structure. However, it is worth 
mentioning that the CNT filaments used in the measurements or the macroscopic 
fibre or film involved in devices, have to be densified in order to decrease the 
porosity and create architecture manageable. Otherwise, structure of the 
architecture will be damaged during manipulation process.  On average, the 
porosity of the CNT fibre as-spun is over than 99%. Figure 6.21.a-b show a 
schematic illustration of the densification process. Capillarity force acts into the 
CNT bundles, bringing together with a volatile liquid (acetone in this samples). 
Non-supported CNT fibre leads to produce fibres, using as a cables or sensors.  
Other possibility is densify the fibre onto a substrate, creating a densification 
perpendicular to the surface. Densification process is instantaneous. 
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main distances d1 and d2. Figure 6.22 shows the results of pore size distribution 
from an as-spun fibre and it is compared with densified fibre. The main area is 
related with pores bigger that 1µm (>55%), whereas in densified fibre 100% of 
the pores are below 100nm. 
 
Figure 6.22. Histogram of pore size distribution, showing the macropores densification the 
dimension to mesopores. 
Analysing specific stress - strain curves for densified and as-spun fibre, it is 
possible to extract information about the densification effect in the fibre structure.  
Figure 6.23.a shows optical micrographs of a CNT fibre as-spun and after 
densification, the diameter is more decreasing from more than 110µm (as-spun) 
until 10µm (densified) and taking this values into account the density increase by 
120. However, this big macroscopic modification in the fibre structure is not affect 
to the nanostructure structure of the fibre.  
WAXS/SAXS patterns (figure 6.23.b) from as-spun and densified fibre were 
measured, observing nearly identical results, with the equatorial radial profile 
showing minor differences (figure 6.23.c). This suggest that the distance between 
CNT and the packing between bundles remains unchanged (<2nm). However, 
these measurements correspond to multiple filaments. 
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composed of multiple thin layers of dielectric material. Controlling the type and 
the thickness of the dielectric layers, it is possible to design optical structures with 
different reflectivity by varying the wavelength. 
The optical properties of thin films of CNTs fibre were studied by ellipsometry 
measurements in collaboration with C. Pecharroman from ICMM-CSIC. 
Dielectric mirror has values close to 100% in reflectance over a narrow range of 
wavelength. The effect of increasing the number of layers in a dielectric mirror in 
presented in figure 6.29. In this particular example the reflection has the 
maximum at 1000nm. The wave frequency in the annex peaks depend on the 
number of layers. On the edges of the maximum, secondary waves are observed. 
Increasing the number of layers leads to more frequency on the waves. 
Increasing the number of layers leads to decrease the maximum of absorbance 
in the sample. 
 
Figure 6.29. Typical reflectance of a dielectric mirror when the maximum reflectance is localised 
in 1000nm. Dash red line limited the analysed area observed in the CNT films.  
In our particular case, single CNT layer is around 40nm thick. Therefore, the 
optical path is notable thinner compare to the visible wavelength (one order of 
magnitude). The maximum reflectance is shifted around 80nm. In visible range 
the curves correspond with secondary waves.  
??????????
????
?
???????????????????????????????????????????????????????????????????????????
? ? ?
??
?
? ???????????? ? ?????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????
???????????????????????????
??????????????????????????????????????????????????????????????????????????????
?????????????????????? ???????????????????????????????????????????????????????
??? ???????????????????? ???? ???????????????? ????????????? ???????????????? ?????
???????????? ?????? ??? ????? ??? ?????????? ????? ???? ???? ??? ??? ??????????????
??????????????????????????????????????????????????????????????????????????? ???
????????? ???????????? ?? ??????????????????????????????????????? ?????????? ??????
????????????????????????????????????????????????????????????????????????????????
??????????????????????? ???????????????
?
??????? ?????? ???? ???????????? ?????????? ???????? ????? ???? ???????? ?????????? ???????? ??? ????
??????????????????????????????????????????????????
????????????????????????????????????????????????????????????? ??? ????????????
???? ???? ???? ????????????? ??? ???? ??????? ??? ???????? ???????? ?????????
???????????????????????????????????????????????????? ??? ??????? ??? ?????????
?????????????????????????????????
?????????????
???????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????
Fibre Structure 
147 
 
adsorption and considered as anisotropic, using SAXS/WAXS measurements to 
extract the structural information. 
Isotropic properties of CNT fibre are analysed by gas adsorption method. The 
surface area is ≈ 260m2/g for samples with different draw ratios, ranging from 
0.47 (1.5m/min) to 12.6 (40m/min).  The pore size distribution is determined by 
BJH analysis of N2 desorption isotherm data. Meso-scale distribution of porous 
size is independent of the draw ratio. However, increasing the draw ratio leads to 
narrower pore size distribution, centred between 50 and 60nm, compared with 
low draw ratio in which are more spread. CNT fibre is a fractal structure and it is 
possible to obtain fractal dimension from gas adsorption ≈ 2.55, which is nearly 
identical to the SAXS values. 
Anisotropic properties of CNT fibre are analysed by SAXS/WAXS, confirmed by 
electron microscopy. SAXS/WAXS measurements cover a wide range of 
distance from few angstrom to tens of nanometres. Integrating the patterns in the 
azimuthal direction, it is possible to obtain the degree of orientation. The 
orientation increase very sharply in the range from 0.47 to 3 from 50 to 24 in 
SAXS integration and from 35 to 17 in WAXS integration. In spite of the bundle 
orientation is not modified from 6 to 12.6, the CNT fibre increases the mechanical 
properties. Radial integration of 002 leads to confirm better packing in the bundle, 
however crystal size remain constant. SAXS parameters L3 and Lp confirm that 
changing bundle orientation in the CNT fibre affects directly to the pores structure. 
Due to the orientation, inter-bundle pores have more elongated structure along 
the fibre axis. 
Post-spin densification was evaluated through 2D WAXS/SAXS measurements. 
Acetone was used as a solvent due to high volatilization. Capillarity forces are 
responsible to densify the CNT fibre, decreasing the diameter one order of 
magnitude. However, this effect is not modified the fibre structure in the 
nanoscale, links of CNTs or packing of bundles. Consequently, the electrical and 
mechanical properties are not affected or the change is negligible compared with 
the orientation. This fact conclude that the CNT assembly occurs during the 
reaction in the gas phase. The real challenge is control the synthesis parameters 
in the reactor, which allows to modify the CNT association in the aerogel without 
sacrificing control of chemistry and morphology. Through decomposition 
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temperature is possible to affect the sequence of elements (Fe-S-C) and the 
kinetic, modifying the catalyst and therefore the CNT links. Otherwise it will 
require innovative manipulation methods that can act on the aerogel as it is 
reaction over 1200ºC in a fraction of seconds. 
Finally, CNT films stacked create a 2D structure through the repetition of layers 
with different refractive index (na and nb) and thickness (da and db). Though the 
ellipsometry, it is possible to confirm that CNT films behave as a dielectric mirror. 
Tuning the colour of the film is possible, weather the thickness is around 150nm 
the film is violet and at 400nm is red. Which corresponds with the half the 
wavelength from colours observed in the sample. Below, the thickness are in the 
UV range and upper in the IR range. 
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7 CNT fibre industrial aspects 
7.1. Introduction 
Direct spinning from CVD reaction is one of the most promising process for a 
large-scale production of CNT materials. Namely, it is possible to produce a large 
amount of material continuously in different architectures. Along this work, it was 
shown important progress in controlling the nanostructure and the microstructure 
of the fibre, controlling the CNT type in macroscopic fibre as well as improving 
the alignment of the bundles throw the fibre. These improvements lead to obtain 
high performance carbon nanotube fibres. However, the mass production is 
relatively low, between 1 to 3 CNT mg/min. Therefore, it is necessary a scalability 
study in order to transfer all the knowledge from the laboratory to the industry. 
CNT characterisation is performed at different feedstock to scale-up the process, 
analysing important parameters as reproducibility, indispensable for industrial 
production.  
The production of CNT fibre using a cradle to gate life cycle assessment (LCA) 
is examined. The LCA study has been carried out considering two type of 
reactors: a semi-industrial (lab-scale) and industrial, comparing two different 
carbon sources, butanol and toluene. This method combines technical, economic 
and environmental criteria covering the life cycle of a CNT fibre production in 
order to assess the substitution potential of CNT fibre for different application 
compare with the traditional materials or other carbon materials. 
Finally, CNT fibres have already a broad variety of application. The 
multifunctional nanocomposites group investigates tailoring the structure of these 
hierarchical materials through combination with polymers, hybridisation with 
semiconductors and fine control of the building blocks at a molecular scale. CNT 
fibre can be an electrode in a supercapacitor or other energy storage devices. 
Moreover, it can be used as a sensor to control the polymer infusion or monitor 
the stress of a structural piece, creating heterojunction in combination with 
semiconductors or composites with polymers. Several devices and applications 
manufactured by our CNT fibre, it is presented in this chapter. 
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laboratories for materials science and technology). The inventory data were 
modelled in SimaPro 8.1, software (PRè Sustainability) and Ecoinvent data 3.1 
is used as inventory database. 
As functional unit and reference flow “1 kg produced CNT fibre” is used for all the 
LCA calculation. Impacts are determined dividing in 17, related to the emissions 
released and the resources consumed during the synthesis process. In details, 
the following midpoint indicators have been examined here:  
Global Warming Potential (GWP) Ozone Depletion (OD) 
Terrestrial Acidification (TA) Freshwater Eutrophication(FE) 
Marine Eutrophication (ME) Human Toxicity Potential (HT) 
Photo Oxidation Formation (POF) Particulate Matter Formation Potential (PMF) 
Terrestrial Ecotoxicity (TE) Freshwater Ecotoxicity (FE) 
Marine Ecotoxicity (ME) Ionising Radiation, (IR) 
Agricultural Land Occupation (ALO) Urban Land Transformation (ULT) 
Water Depletion (WD) Metal Depletion (MDP) 
                           Fossil Depletion (FD) 
Semi-Industrial Reactor 
Firstly, semi-industrial configuration is analysed individually. This reactor was 
built in IMDEA Materials by the functional nanocomposite group. Figure 7.12 
shows the relative contribution from the different stages for the configuration with 
butanol and feed ratio of 50 ml/h. 
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7.5. Macroscopic applications 
During the previous chapter, the discussion was mainly related with the synthesis 
and CNT fibre characterisation. Thus, different CNT and architectures can be 
manufactured. Therefore, it is possible to optimise the best type CNT fibre per 
application. In this section is presented different applications, which are 
developed by Multifunctional Nanocomposites Group. 
7.5.1. Flexible Supercapacitors 
Mesoporous structure, high surface area, mechanical and electrical properties 
create an especial combination of qualities, ideal in order to obtain a high-
performance electrode in supercapacitor and electrochemical applications[181]. 
The electrodes perform of pure CNT fibre are assembly into all-solid electric 
double layer capacitor (EDLC). Furthermore, it is observed the presence of 
quantum capacitance in the CNTs, exemplifying how the low dimensionality of 
appropriately synthesised CNT electrodes can lead as a large enhancement in 
the performance of macroscopic energy storage devices. Charge-discharge 
measurements show power and energy densities as high 58kW/kg and 14Wh/kg, 
respectively. Long term experiments demonstrate stable capacitance and energy 
retention during 10000 cycles of charge-discharge at 3.5V[178]. Figure 7.19.a-b 
show a CNT as-spun and densified fibre, respectively, which is necessary for 
preparing a CNT electrode. 100cm2 laminated device is shown in figure 7.19.c 
and solid-state SC devices of 4.5 cm2 in figure 7.19.d, powering a red LED. These 
are two of the possible architecture for performing the supercapacitor. 
Furthermore, the supercapacitors could be bent and folded 180º without 
degradation of their properties, raising the capacitance until 28F/g. Mechanical 
properties are also performed, obtaining specific strength of 0.4 GPa/SG and a 
modulus of 18 GPa/SG. 
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mechanical deformations. The CNT fibre is synthesised from toluene as a carbon 
source and the length is 1 meter. Measuring the electrical resistance, it is possible 
to detect wings shape changes and relate to mechanical stresses induced by 
aerodynamic loads. Figure 7.21.a shows the electrical contact, which is stitched 
along the front wing (figure 7.21.b-c). Finally, in the figure 7.21.d is presented the 
UC3M formula student car. 
 
Figure 7.21. (a) Electrical contact for controlling the CNT yarn resistance. (b) Photograph of the 
F1 spoiler after CNT fibre implementation. (c) Overview of the F1 spoiler with two CNT yarn 
stitched. (d) Picture of UC3M F1 prototype. [Courtesy J.C Fernandez-Toribio]  
7.5.3. Energy harvesting 
CNT fibre film in large macroscopic scale 10 cm2 is utilised to grow ZnO, 
synthesising heterojunctions between ZnO and CNT film. It results in a bulk 
heterojunction, creating a 10 µm layer of ZnO crystals with preferential orientation 
c-axis perpendicular to the CNT film. CNT film provides large surface area, as 
well as metallic character. In addition to a semiconductor leads to develop a 
synthetic hybridisation process. Thus, the hybrid CNT/ZnO shows a piezo 
resistive and piezoelectric behaviour. To summarise, the electronic properties of 
the heterojunctions are critical in order to produce energy harvesting structural 
composite structures.  
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7.6. Summary 
In this chapter, it was demonstrated that the CNT fibre synthesised by direct 
spinning is scalable. It is analysed the concentration of reactant in the reaction 
area, modifying the precursor feed rate in 2.5. Furthermore, the critical points 
were defined and related with the fibre quality. This inflexion point between 
stretchable and non-stretchable is defined as straightness point. Furthermore, 
tuning hydrogen, it is possible to define another important points: lower spin limit 
and high spin limit. Which are defined as the low and high hydrogen ratio in the 
in the reaction. The responsible of these limits are the CNT concentration (in the 
upper limit) and the carbon concentration in the catalyst (in the lower limit), 
allowing to spin continuously CNT fibre. Besides, it was demonstrate that CNT 
fibre samples are produced under reproducible and stable reaction conditions 
that ensure continuous spinning maintainable for hours. 
Life cycle assessment is performed in order to reduce the environmental impact 
for producing CNT fibre by direct spinning method. It was evaluated different 
precursor feed rate, carbon source and set-up configuration. Increasing the 
precursor feed rate decrease the impact in 50%. Using toluene instead butanol, 
it is possible to improve ≈55%. Due to the better control of the process, industrial 
set-up is not using nitrogen, reducing the synthesis stage impact more than 70%. 
In overall the industrial configuration decrease in two order of magnitude the 
environmental impact, comparing to semi-industrial configuration. 
CNT fibre have shown perfect properties and structure for many application. 
Mesoporous structure, high surface area, mechanical and electrical properties 
create an especial combination of qualities, ideal in order to obtain a high-
performance electrode in supercapacitor and electrochemical applications. 
Vacuum infusion and mechanical deformation sensor is developed with the fibre 
synthesised in yarn architecture. The sensing capabilities of CNT fibres arise from 
the role of inter-tube charge transfer in determining longitudinal transport 
properties, such as electrical conductivity. Using other configuration, CNT film 
provides large surface area as well as metallic character to perform 
heterojunctions together with semiconductor as ZnO, which properties are critical 
in order to produce energy harvesting structural composite structures. Finally, 
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thanking to mesoporous structure, CNT fibre is a very promising material to 
integrate into polymer matrices to produce composites. The porosity provides the 
material accessible to polymer infiltration. Mechanical properties are enhanced 
through stress transfer and it is determined that CNT fibre are responsible for 
inducing the nucleation of semi-crystalline polymer perpendicular to the fibre 
surface as a transcrystalline layer. 
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8 Conclusions & Future work 
8.1. Conclusions 
Direct spinning with floating catalyst by CVD is one of the most promising 
techniques to implement the nanotechnology in macroscopic devices and 
applications. This method provides the possibility to produce high amount of 
material in only one step, which is also economically attractive to the industry to 
scale-up the process. Even though, the knowledge is already limited in several 
aspects as synthesis, structure, properties and its transference to the industry. 
This work provides some answers related to the different questions of the CNT 
fibre. 
One of the most valuable aspect of this method is the possibility to tune the final 
product through the reaction, realising the possibility of synthesising the best fibre 
per application. It is demonstrate the possibility to produce continuous CNT fibres 
on a kilometre scale with control of the CNTs in terms on number of layers from 
SWCNT to MWCNT by adjusting the concentration of S precursor in the reaction. 
The dimension of the tube are affected, at low S concentration CNTs are 
predominantly SW of approximately 1 nm diameter. Increasing S coarsening 
larger catalyst particles and CNT increases inner diameter and number of layers. 
This transition from SW to MW is clearly distinguished by raman spectra. RBM 
peaks and G- disappear, and confirming by the upshift in the 2D band due to the 
increase in number of adjacent layers, according to the literature related to 
graphene. Sulphur effects is independent of the choice of C precursor (butanol, 
toluene or benzyl alcohol) used for the CVD growth of CNTs.  
It is calculated the composition of catalyst particles and found that inactive 
particles, which represent over 99.9% of those produced in the reactor and 
aggregated in the fibre, are encapsulated due to their high C content. Controlling 
the carbon diffusion, through sulphur rich layer, the catalyst particle is not in 
thermodynamic equilibrium with solid C, thus, instead of forming an encapsulating 
layer C gets extruded as a CNT and the particle remains active.  
Entirely SWCNTs fibre can be synthesised, and it is found the inherent 
predominance of metallic and high chiral angle CNTs.  Chiral distribution matches 
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with theoretical prediction for CNTs produced by molten catalyst. Catalyst 
structure suggests a Fe FCC core surrounded by a liquid Fe-S shell, according 
to thermodynamic calculations. The presence of sulphur in the catalyst is also 
critical, not only controlling the carbon diffusion in the catalyst but also stabilised 
the edge of the nascent CNT and rejected the carbon from the catalyst forming 
the graphitic layers.  
During the analysis of reaction are analysed in detail the role of Fe, S, C and H2 
and lesser extent the O2. However, the combination of reducing atmosphere and 
high temperature (1250ºC) provides the perfect condition to the reaction between 
silicon oxide and hydrogen, forming SiO, SiC or silicon. Silicon effect could be 
critical for the reaction, without Si, it was not possible to obtain a continuous fibre. 
Microscopic scale and the bundle distribution is the key for synthesised a high-
performance fibre. In this work it is found that the association of CNTs in the gas-
phase is critical in determining the possibility to increase the speed in the drawn 
of the CNT aerogel and thus produce oriented CNT fibres. Finding the CNT 
concentration, which allows to spin under diluted conditions, the fibre can be 
extracted from the aerogel and it is pulled against the gas in the reactor up to 17 
draw ratio. Due to the friction against the carrier gas, CNT bundles are aligned 
preferentially parallel to each other along the fibre axis. Decreasing the CNT 
concentration leads to have less entanglements so as to allow the rearrangement 
of CNTs. It is very important to remark the importance of separating the 
orientation effect from the CNT composition (in terms of type of tubes), evidenced 
through raman spectroscopy measurements. 
Though the orientation, it is possible to tune the mechanical properties of the 
fibre. Oriented over non-oriented fibres increases modulus and tensile strength 
from 4 to 62 GPa and from 0.2 to 1.1 GPa, respectively. Consequently, the strain 
values decrease from 23% until 8%.  The effect of the type of CNT (SW or 
MWCNT) is negligible compare to the orientation. 
Wide range of mechanical properties in the fibre is related to the complex 
structure from CNT fibre that it was studied in detail. Fibre is composed of a 
millions of individual CNT, which are considered as a nanostructure building 
blocks, forming a hierarchical structure. Fibre structure is studied from two 
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different points of view, analysing structure as isotropic structure by gas 
adsorption and considered as anisotropic, using SAXS/WAXS measurements to 
extract the structural information. 
Isotropic properties of CNT fibre are analysed by gas adsorption method. The 
surface area is ≈ 260m2/g for samples with different draw ratios, ranging from 
0.47 (1.5m/min) to 12.6 (40m/min).  Meso-scale distribution of porous size is 
independent of the draw ratio. Observing the micrographs at different scale is 
concluded that CNT fibre is a fractal structure. The fractal dimension was 
determined from gas adsorption ≈ 2.55, which is nearly identical to the SAXS 
value. 
Anisotropic properties of CNT fibre are analysed by SAXS/WAXS, measurements 
cover a wide range of distance from few angstrom to tens of nanometres, 
obtaining the degree of orientation. Which varies from 50 to 24 in SAXS and from 
35 to 17 in WAXS integration. SAXS parameters L3 and Lp confirm that changing 
bundle orientation in the CNT fibre affects directly to the pores structure. Due to 
the orientation, inter-bundle pores have more elongated structure along the fibre 
axis. Radial integration of 002 leads to confirm better packing in the bundle. 
Post-spin densification was evaluated and this effect is not modifying the fibre 
structure in the nanoscale, links of CNTs or packing of bundles. Consequently, 
the electrical and mechanical properties are not affected or the change is 
negligible compare with the orientation. This fact conclude that the CNT assembly 
occurs during the reaction in the gas phase. The real challenge is control the 
synthesis parameters in the reactor, which allows to modify the CNT association 
in the aerogel without sacrificing control of chemistry and morphology.  
CNT films stacked create a 2D structure through the repetition of layers with 
different refractive index (na and nb) and thickness (da and db). It is possible to 
confirm that CNT films behave as a dielectric mirror. The colour of the fibre can 
be tuned only modifying the thickness of the sample. 150nm leads to violet colour 
whereas at 400nm is red. Which corresponds with the half of the wavelength from 
colours observed in the sample, corresponded  from the visible range. Below 150 
nm, emission is in the UV and upper 400nm in the IR range. 
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Finally, all the knowledge extracted from the reaction was employed to scale-up, 
modifying the precursor feed rate in 2.5 times. This inflexion point between 
stretchable and non-stretchable is defined as straightness point. Furthermore, 
tuning hydrogen, it is possible to define another important points: lower spin limit 
and high spin limit. Which are defined as the low and high hydrogen ratio in the 
in the reaction, allowing to spin continuously CNT fibre. Concluding that the 
possibility to transfer the lab knowledge to the industrial scale is very promising. 
Life cycle assessment is performed in order to reduce the environmental impact 
for producing CNT fibre by direct spinning method. Increasing the precursor feed 
rate decrease the impact in 50%. Using toluene instead butanol, it is possible to 
improve ≈55%. And comparing the lab-scale with the industrial configuration, LCA 
decreases in two order of magnitude the environmental impact. 
CNT fibre have shown perfect properties and structure for many application and 
macroscopic devices have been developed with CNT fibre synthesised by our 
reactor. Manufacturing a high-performance electrode in supercapacitor for 
electrochemical applications. Moreover, vacuum infusion and mechanical 
deformation sensor is developed with the fibre synthesised in yarn architecture.  
Using other configuration, CNT film provides large surface area as well as 
metallic character to perform heterojunctions together with semiconductor as 
ZnO, which properties are critical in order to produce energy harvesting structural 
composite structures. Finally, Thanking to mesoporous structure, CNT fibre is a 
very promising material to integrate into polymer matrices to produce composites. 
The porosity makes the material accessible to polymer infiltration. Mechanical 
properties are enhanced through stress transfer and it is determined that CNT 
fibre are responsible for inducing the nucleation of semi-crystalline polymer 
perpendicular to the fibre surface as a transcrystalline layer. 
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8.2. Future work 
Despite the continuous knowledge presented by the different groups all over the 
world during last years, still open questions are concerned to the reaction. As it 
was discussed in the growth model in chapter 4, it is important the place where 
the reactants decomposed and start to be available. Therefore, controlling the 
decomposition of the reactant in the right place at right moment, can increase 
efficiency of the reaction drastically. Thus, one of the future work is analysed the 
gases present in reaction, including the intermediate products. Furthermore, it is 
interesting to study the dissociation mechanism in the surface of the catalyst and 
its integration in the CNT.  
The design of the apparatus will be not very complicated, in fact it is already used 
in similar reactors. Sample is extracted by a ceramic o quartz pipe directly from 
the upper part of the reactor, where the reaction is ongoing. The stream 
components will be measured by gas chromatography (GC) almost in-situ. 
Nevertheless, the gas could be reacted along the ceramic pipe, therefore, the 
critical step is maintain the stream with the highest permitted temperature. This 
equipment would provide more information to identify the compounds, which are 
presented in the reactor along the reactor. Allowing to determine the 
decomposition route from the different precursors, even some information related 
with silicon sub products. 
One of the main disadvantages of this CNT method is the hydrogen atmosphere, 
important security problems and manufacturing costs will be erased removing the 
hydrogen as a carrier gas, therefore, it is worthy trying to find alternatives. Firstly, 
it is necessary to studied all the roles related to the hydrogen to find the best 
substitute. As it was shown in the literature review, the main purpose tasks of the 
hydrogen are: controlling the carbon concentration; reacts with sulphur producing 
H2S; creating a reduced atmosphere and affecting to the reaction temperature 
through the high thermal conductivity compared with inert gases.  
Being only related to the control of carbon concentration, the problem had already 
be accomplished, because the problem would be just found the appropriate 
parameters with other gases. The reaction between hydrogen and sulphur can 
be excluded, concentration of sulphur affects to CNT type. The hydrogen flow is 
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not modifying the type of CNT that means that the ratio S/C is not affected by 
increasing hydrogen. Therefore, hydrogen does not react with sulphur. 
The critical aspect can be the reduced atmosphere. In this specific case, it will be 
more difficult to solve and probably it will be not enough just to change hydrogen 
by an inert gas. It would have to be studied all the possible component reduced 
and added directly to the reaction, whenever it is reasonably possible. The last 
option is related to the high thermal conductivity of hydrogen, in this case, it can 
be helpful to change by helium, which is the closer inert gas and increasing the 
reactor temperature. 
Silicon could be the surprise guest in the reaction. The first evidence of the 
incorporation of silicon in the fibre was provided by EDS measurements of the 
fibre and then it was confirmed by WAXS measurements and XPS. Furthermore, 
it was hidden in the literature from different groups. The role of the silicon is 
absolutely ignored, the main evidence about its importance is the fact that it is 
impossible to spin CNT fibre in alumina tube in the same reaction conditions. 
Therefore, the role of silicon has to be studied in detail, trying to analyse the 
particles presents in the fibre, crystallinity, shape, size and composition mainly by 
electron diffraction and confirming through TEM images.  
One of the main propose in future works is increased the macroscopic properties. 
It can be treated from the reaction point of view, because the theoretical values 
are already order of values higher. The options can be, improving the alignment, 
increased the packing and the number of tubes per bundle, and promoted the 
synthesis of collapse, longer tubes without defects. In the big challenge to 
enhance macroscopic properties from the actual values.  
The alternative is improving the properties by post-treatments. Dry or wet-
stretched, functionalisation of CNTs, infiltrate or cover with polymers or epoxy 
resins as well as growth or electrodeposited metals are some good examples of 
a possible way forward. 
The process scale-up, increasing the production one order of magnitude, is 
accompanied by several chemical engineer challengers. Firstly related to the 
injection, designing the most appropriate system to provide the necessary 
amount of precursor feed rate homogenously. Increasing precursor feed rate 
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leads to increasing the hydrogen flow through the reactor. Manipulate hydrogen 
is a problem itself, the outlet stream has to be diluted until safety values. This 
increment means less residence time in the reactor, affecting to the gas 
temperature, therefore the reaction kinetics. Moreover, increasing flow can 
induce a change in fluid dynamic, changing from laminar to turbulence. Even 
though, all this challenges can be solved modifying the parameters, with the 
knowledge extracted from the reaction step. 
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